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DIRECT CRYSTALLIZATION OF LYSOZYME FROM EGG WHITE 
AND SOME CRYSTALLINE SALTS OF LYSOZYME 

Bt GORDON ALDERTON axd H. L. FEVOLD 
(From the Western Regional Research Laboratory,* Albany, California) 

(Received for publication, March 13, 1916) 

A method of isolating and crj-stallizing lysozj-me, the bacteriolj-tic 
substance in egg white, has been reported from this Laboratorj- (1). Crj-s- 
tallization was effected from acid solutions of purified material containing 
approximately 5 per cent salt, and it was also accomplished in the isoelec- 
tric region (pH 9.5 to 11.0) as a result of markedly lower solubility of the 
cn’stalline product in that region. Since that report was made, methods 
have been improved and lysozyme has been ciystallized as the salt of 
several acids. In addition it has been crj'stallized directly from egg white 
by a method which markedly facilitates isolation in pure form. 

Crysial Forms oj Lysozyme 

The previous report (1) states that the ciystal form of lysozyme varied 
with the pH of ciystallization and the acid radical with which it was com- 
bined. Table I presents brief!}' the results obtained when electrodialyzed, 
isoelectric Ij'sozjme was crj'stallized after it had been dissolved to various 
pH values with hydrochloric acid in 5 per cent sodium chloride solution. 
Two forms of crystals were obtained. The form shown in Fig. 1 was ob- 
tained below pH 7.0; between pH 7.0 and 11 the tj-pe shown in Fig. 2 was 
obtained.* In appearance the crv'stals formed at any pH above 7.0 seem 
identical. They differ chemically, however, in that those formed in the 
isoelectric region are relatively insoluble in water, whereas those formed 
below pH 9.0 are increasingly soluble vith decreasing pH. Apparently 
enough of the basic groups are combined with acid to make the product 
soluble, but the crv'stal form remains unchanged. Below pH 7.0, the form 
is markedly different and a form tj'pical of lysozjme chloride is obtained, 
presumably because of combination of more and varied basic groups with 
acid. 

Crj'stallization at the isoelectric point is readOy accomplished by adjust- 
ing a o per cent solution of amorphous lysozj-me chloride in 5 per cent 
sodium chloride solution to pH 10.5 with sodium hydroxide. No pre- 

Bureau of Agricultural and Industrial Gheinistry, Agricultural Research Ad- 
ministration, United States Department of Agriculture. 

' In some of the preparations at acid pH (iS or above) sonje needle-like crystals 
formed after standing for some tirae- 


1 



2 


CRYSTALLIZATION OF LYSOZYME 


cipitation of amorphous material takes place, but on standing crj’^stalline 
material begins to separate and continues to do so until the Ij’-sozj’-me in 
solution is reduced to approximately 0.1 per cent. The presence of in- 
creasing amounts of sodium chloride up to 5 per cent increases the amount 


Table I 

Effect of pH on Cryslallizalion of Lysozyme / 

Original protein concentration, 4 per cent; salt concentration, 6.0 per cent. 


pH 

Degree of crystallization* 

Crystal form 

2.0 

No crystals or ppt. 


3.5 

Copious' crystallization 

Fig. 1 

4.8 

Moderate “ 

” 1 

5.8 

Very slight crystallization 

“ 1 

7.2 

U H it 

2 

8.2 

Copious crystallization 

“ 2 

9.2 

tt tt 

“ 2 

10.0 

tt tt 

“ 2 

11.3 

<< 

“ 2 


• Visual estimation after 48 hours of crystallization. 



Fio. 1. Lysozyme hydrochloride; pH Fig. 2. Isoelectric lysozyme. X 80 

4.5. X SO. 


of amorphous material that can be dissolved in the isoelectric region, but 
less crj'stalline material may be dissolved in 5 per cent salt than in lower 
salt concentrations. 

Lysozj’mo has also been crystallized as the iodide (Fig. 3) and the bromide 
(Fig. -1) by dissolving 200 mg. samples of electrodialj'zed isoelectric 
lysoz>'me in 10 ml. of solution of the appropriate acid at acid pH (bromide 
Jill 0.0, iiKlidc pll 4.0) and adding 5 per cent of the corresponding sodium 
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or potassium halide. On standing at room temperatures, crystals were 
deposited from both solutions. These crj'stals were nccdle-like, as showm, 
and thus u'ere difTcrent in form from those obtained when hj’drochloric acid 
vras used at the same pH.- 

Ctystallization of lysoayme from a 1 per cent protein solution in nitric 
acid at pH 4.0 containing 5 per cent potassium nitrate resulted in the 
crj'stal form shown in Fig. 5. These ciy'stals are different in form from any 
of the others.’ 

The most rapid crj-stallization of lysozyme was effected from bicarbonate 
solutions. Isoelectric lysosyme readily dissolves in carbonic acid and, 
when sodium bicarbonate (5 per cent) was added, ciystallization began 
ndthm a few minutes. The cty’Stals wore well defined, small needles 
(Fig. 6). 



I’m. 3. Lysozyme hydroiodide. X 80 



Fig. 4. Lysozyme hydrobromide; 
pH 6. X 80. 


Attempts have been made to crystalUze other salts of ly-so^Tne, such as 
the acetate, sulfate, and tartrate, -without success. The first crystalline 
lysozyme preparation was obtained from an acetate buffer on addition of 
ammonium sulfate but we have never been successful in obtaining crys- 

* determination of the combined chloride in the lysozjTne hydrochloride crj’Stals 
prepared at pH 4.3 and 8.2 gave values of 3.24 and 1 .99 per cent chlorine, respectively'. 
With 17,500 as the molecular weight for lysozjTne, si.xteen and ten basic groups are 
therefore combined with hydrochloric acid at pH 4.3 and 8.2, respectively. Similar 
analyses of the hydrobromide crystals at pH 4.0 gave 7.6 per cent bromine, or si.xteen 
to seventeen combined groups. These values were arrived at by determining total 
halogen and sodium in the crystalline preparations and then calculating the combined 
halogen by subtracting the amount of halogen equivalent to the cation. 

* Crj'stallographic characterization of the cry'stal forms will be reported by F. T, 
Jones of this Laboratory. 
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talline material from a system which contained onl}'^ the sulfate' or the 
acetate anion. 

Direct Crysiallizalion of Lysozyme from Egg White 

The fact that 5 per cent solutions of lysozyme in 5 per cent sodium 
chloride at or near the isoelectric point readily yielded crystalline material, 
and that the ciystalline material is onlj'^ slightly soluble under these con- 
ditions, suggested the possibility that crystallization could be induced from 
egg white directly. 

It was found in the initial experiments that egg white,, freed of chalazae 
and homogenized, with adjustment to pH 10.8 and addition of 5 per cent 
sodium chloride, yielded no precipitate and no crystalline material when 
allowed to stand for several daj's. However, when a suspension of’ iso- 



electric crystalline lysozyme was added to the egg white solution under the 
same conditions, ciystallization was induced and 50 per cent of the lyso- 
zj'me of the egg white was obtained as fine needle-like crystals. 

In an attempt to improve the yield, a series of experiments was carried 
out to determine the effect on crj'stallization of pH in the isoelectric region, 
salt concentration, and temperature. The alkalinity was adjusted as 
desired by addition of 1 n potassium hydroxide. The results (Table II) 
show that the j'icld of Crystalline material was markedl}' affected by the 
temperature of cr 3 ’stalIization. Verj’ low yields were obtained at —8° and 
2.3°, as compared with 4°. Also, a pH of 9 to 9.5 resulted in more rapid 
crj’stallization than when higher alkalinities were used. 

Yields of CO to 80 per cent of the total lysozyme contained in egg white 
were regularlj’ obtained after egg white had been allowed to stand for 3 to 
4 daj’s at 4°. The egg white, after adjustment to pH 9.5 and addition of 
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5 per cent sodium chloride, must be seeded wth small amounts of crystal- 
line lysozyme. Occasionally' crystallization will set in without seeding but 
not in most instances. The crystalline product thus obtained is redissolved 
in acetic acid (pH 4 to 6) and any' insoluble material is removed by' centri- 
fugation and discarded. The soluble material is then recrystallized after 
addition of 5 per cent sodium chloride and adjustment to pH 9.5 to 11.0. 
This recrystallization can also be quickly accomplished by making the acid 
solution of the cry'stals 5 per cent with respect to sodium bicarbonate 
(pH 8.0 to 8.5). 

Tabi.e II 


Effect of Salt Concentration, -pH, Temperature, and Time on Crystallization of Lysozyme 

from Egg H'Aile 


ZScet of sail cADcratmtloa 
(pH 10^, 4*) 

Effect of pH (s&It co&ctntntion 

5 per cent, 4*) 

1 Effect of terapcTiture (pH 10 J, 

1 uU conceniratioB S per cent) 

Silt 

Yield* 

: pH 

Yield* j 

Tempera- 

1 Yidd* 

20hrt. 

72hn. 

1 Mhtj. 

;2hrs. 

ture 

20 hrs. 

72 brs. 

ferctni 

' fercent 
ef iotil 

ftr Ctnt 
cf 


[ 

p<r tent 
ej tatal 

per cent 
cj total 

•c. 

1 

per cent 
oj talal 

percent 
aj latal 

0 


5 j 

9.0 

72 

86 

-s 

5 

23 

1 

2 

7 1 

9.5 

76 

88 

4 

12 

75 

2 

5 { 

11 

10.0 

62 

84 

23 

5 

12 

4 

16 1 

62 

10.5 

18 ! 

75 

1 



5 

18 ! 

75 

11.0 

10 : 

64 

i 

1 



6 


74 







8 

6 

72 



1 

1 

i 




* Determined by the assay method of Boasson (2). 


SCMMART 

Lysozy'me has been crystallized over the pH range of 3 to 11 from 5 per 
cent sodium chloride solutions. Two distinct crystal forms were obtained, 
one below pH 7.0 and the other at basic reactions. The chloride, bromide, 
iodide, nitrate, and carbonate of lysozyme have been prepared in crys- 
talline form. 

A method of crystallizing lysozyme from egg white directly has been 
described. Tlelds of 60 to 80 per cent were obtained; 

We are indebted to F. T. Jones for photomicrographs of the cry'stalline 
material, and to L. M. White and C. M. Johnson for the halogen and 
sodium analy'ses. 
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BEHA^^OR OF DEXTRINS TOWARDS TAIO*^-DIASTASE 
Br HAN'S WEINMANN 

(From the Department of Botany, Unitersity of the KilwaterSTand, Johannesburg, 

South Afriea) 

(Received for publication, February 21, 1946) 

That taka-diastase, when allowed to react under the appropriate condi- 
tions, will hydrolyze starch and maltose completely or almost completelj’ 
to glucose has been known for some time (2, 9). It might, therefore, be 
expected that dextrins, which are intermediates in the h3'drol3dic break- 
down of starch to maltose, should be similarly susceptible to taka-diastase. 
Results contrary to this expectation were obtained in a series of experi- 
ments carried out by the writer. 

Solutions of starch, dextrins, and maltose were prepared, containing 
125 mg. of the carboh3-drate per 100 ml. of solution. The starch and 
dextrin solutions were boiled for 3 minutes before being cooled and made 
to volume. For the digestion 20 ml. aliquots of the solutions (containing 
25 mg. of carbohj'drate) were mixed in Erlenmej'er flasks nith 20 ml. of 
thjmol-saturated acetic acid-sodium acetate buffer solution, pH 4.45, and 
10 ml. of dialyzed taka-diastase solution, corresponding to 50 mg. of original 
taka-diastase (Parke, Da\'is and Company, Detroit, blichigan). The flasks 
were tightlj' stoppered and incubated for 44 hours at 37-38°. Blank 
digests, in which the carbohydrate solution was replaced b3'’ an equal 
volume of distilled water, were included in all series. At the end of the 
digestion period the reducing power of the digests was determined b3' a 
previous^ described semimicromethod (8). A 20 ml. aliquot of each 
digest was then hydrotyzed with 1.6 ml. of 25 per cent h3'drochloric acid 
for 1 hour in an autoclave at 15 pounds pressure. This treatment is known 
to result in the complete breakdown of starch and dextrins to glucose (3). 
The h3'drol3-sates were cooled down, transferred to 50 ml. standard flasks, 
neutralized, and made to volume. The reducing power was then again 
determined. B3' expressing the reducing power after taka-diastase diges- 
tion as a percentage of the reducing power after acid h3'drol3-sis (nith 
the necessan,' corrections for blank values and dilutions) a measure of the 
degree of completeness of the taka-diastase digestion was obtained. The 
results are given in Table I. 

As will be seen, all the dextrins proved more or less resistant to taka- 
diastase under conditions under which starch and maltose were almost 
completel3- h3’drol3’zed. The degree of resistance increased with the dark- 
ness in color of the de.xtrins, and remarkabl3' similar results were obtained 

7 
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with dextrins of the same color but of different origin. Experiments were 
also carried out in which mixtures of dextrin and maltose, and of dextrin, 
maltose, and glucose were subjected to taka-diastase digestion. "While it 
is not necessary to give the results of these experiments in detail, it may 
be mentioned that the presence of maltose and glucose did not affect the 
degi’ee of digestibility of the dextrin. 

Since it was not certain whether equilibrium in the dextrin digfests had 
been established after 2 days, a further experiment was carried out with 
two of the dextiins in which the digestion was continued for 14 days. The 
technique w'as the same as previously employed but samples for sugar 
determinations were taken from the digests after 2, 4, 7, 11, and 14 days. 


Table I 

E^cct of Taka-dtastasc upon Starch, Dextnns, and Maltose 


Carbohydrate 

Glucose found per digest 

Per cent 
digested by 
tika diastase 

Before acid 
hydrolysis 

After acid 
h> drolysis 

Rice starch* 

ms 

25.4 

1 1 

26.6 

95.5 

Maize starch, technicalf 

23.0 

23.4 

9S.3 

White dextrin, British Drug Houses, tech- 
nical 

21.1 

24.3 

86.8 

“African Maid”t 

20.9 

24.7 

84 6 

Yellow dextrin, Merck’s* 

13 S 

26 2 

52.7 

“.African Maid’’t 

11 3 

24 5 

46.1 

Dark j'ellow dextrin, “African Maid’’t. . 

6.3 

24.7 

25 5 

Maltose, Schenng-Kahlbaum* . . 

24 5 

25.9 

94 5 


* Dried jn lacuo over phosphoric oxide. 

t Manufactured and kindly supplied by the African Products Manufacturing 
Company, Ltd , Germiston, near Johannesburg, South Africa Dextrins produced 
from maize starch by h 3 ’drolysis nith hj'drochlonc acid. 

Table II gives the glucose values, expressed as peicentages of the previously 
determined glucose x'alue of the acid hydrolj'sate. 

The results indicated that, w-hile equilibrium was evidently not reached 
after 2 days, furthei breakdown took place at a very slow rate. From the 
2nd to the 14th day the reducing power of the two digests increased by 
onh' 4.1 and 2 5 per cent respectivelj'. The reaction w'as obviously still 
proceeding w hen the experiment was discontinued. 

Somewhat similar results were obtained by some previous workem. 
Salnnin and AFbcrg (5) found that glj'cogen was only partly' broken down 
by taka-di.astasc, approximately 52 per cent of the glycogen ultimately' 
appearing as reducing sugars. According to Ahlborg and Myrback (1) 











B. WEIKXL^NS 


9 


the j-ield of limit dextrins produced by the action of taka-diastase upon 
corn-starch was nearly 20 per cent of the starch. Though these de.vtrins 
could still be further hydrolyzed by taka -diastase, the rate of the reaction 
was far less than 1/1000 of the digestion rate of starch. Certain de.xtrin 
fractions obtained from starch by acid hydrolysis were likewise highly 
resistant to taka-diastase (4). These authors, however, did not acidify 
the digestion mixtures, and used verj' small amounts of enzyme in relation 
to the amount of substrate ; so that their results are not directly comparable 
rvith those of the present witer. 

It remained to be shown whether, under the conditions described here, 
de.xtrins derived from starch by enzymatic actir-ity behaved in the same 
way towards taka-diastase as commercial dextrins produced from starch 
by acid hj'drolj-sis. Saliva is known to hydrolyze starch to a mixture of 
dextrins, maltose, and glucose; the latter is usually only formed in small 
amounts, except if saliva is present in considerable excess or after prolonged 
periods of contact (6, 7). 


TabijE II 

Prolonged Action of Taka-diattase upon Dextrins 
The values represent per cent dextrin digested. 


Yellow dextrin* ^ 

2 days j 

4 days 

7 (Uys 1 

11 days 

14 days 


51.4 ■ 

52.6 ' 

63.6 

54.3 1 

SS.5 

Dark yellow dextrin* ' 

28.8 i 

29.2 

30.1 ^ 

30.3 j 

31.3 


* African Products Manufacturing Company. 


Three 50 ml. aliquots of a solution of previously gelatinized rice starch, 
each containing 200 mg. of starch, were digested with 1 ml. of fresh saliva, 
under the following conditions: Digest 1, for 4 hours at room temperature; 
Digest 2, for 12 hours at room temperature ; Digest 3, for 22 hours at 38°. 

At the end of the digestion period the digests were boiled to destroy the 
enzyme, and made to 100 ml. volume. Qualitative tests r\-ith iodine solu- 
tion indicated that Digest 1 still contained small amoxmts of starch, and 
Digest 2 traces of starch, whereas Digest 3 was starch-free. A portion of 
each digest was then treated rvith taka-diastase, after which an aliquot 
of each taka-diastase digest was subjected to acid hydrolysis (as in the first 
senes of e.vperiments). Reducing sugar determinations were made at all 
stages; the results are shonm in Table III. 

In the calculation of the maltose and dextrin values of the starch-saliva 
digests glucose was disregarded. Maltose was obtained by multipljdng 
the apparent glucose value by the factor 1.96, prevdously determined by’- 
the nriter (8). Dextrin was calculated as the difference (glucose after acid 









10 


DEXTRIN BEHAVIOR TOWARDS TAKA-DIASTASB 


hydrolysis minus maltose) X 0.9. According to these calculations from 
one-fifth to one-third of the carbohydrate in the starch-saliva digests was 
in the form of dextrins. Since some glucose .was probabl}’’ present in the 
digests, the values of maltose are likely to be overestimated and those of 
dextrin underestimated. In contrast to the commercial dextrins, which 
proved more or less resistant to taka-diastase, the dextrins produced by 
the action of ptyalin on starch were highly susceptible to taka-diastase, 
which hydrolyzed them almost completely. 

Table III 

Effect of Taka-diastasc on Maltose-Dextrin Mixtures Obtained by Action of Saliva upon 

Rice Starch 

The values represent mg. per 100 ml. of saliva digest. 


Digest No. 

Maltose after 
saliva digestion 

Dextrin after 
saliva digestion 

Glucose after 
taka-diastase 
digestion 

Glucose after 
acid hydrolysis 

Per cent dl* 
gested by taka- 
diastase 

1 


65. 6» 

mmm 

mM 

92.6 

2 

■19 

60.2* 




3 

■9 

39.4 


212.0 

94. S 


* Including small amounts of starch. 


SUMMARY 

Commercial dextrins were found to be resistant to taka-diastase, being 
only partly hj'drolyzed by this enzyme under conditions which resulted m 
almost complete hydrolysis of starch and maltose. 

The degree of resistance increased with darkness in color of the dextrins, 
and was similar for dextrins of the same color but of different origin. 

Maltose and dextrin, formed by the action of saliva upon rice starch, 
were almost completely hj-^drolyzed bj" taka-diastase. 
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(Received for publication, March 26, 1946) 

Since many compounds related structurally in sjjecific ways to meta- 
bolically important substances have been found to produce signs of defi- 
ciency of the analogous metabolite, Woolley (1) proposed that new series 
of pharmacological agents might be produced by altering the structures of 
vitamins or hormones in definite ways. It was considered possible that 
such inhibitory structural analogues could be formed against certain hor- 
mones which, as a result of overproduction, or diminished rate of destruc- 
tion in the body, are the causative agents of disease. The excess hormone 
might be counterbalanced by administration of the structurally related 
antagonist (compare (1)). As a first step towards an experimental test of 
this postulate it would be necessary to develop a compound which would 
antagonize the action of a hormone in a suitable biological test. Up to 
the present, inhibitor}’ structural analogues of hormones have not been 
produced in any number. 

Several new ethers of N-acetyldiiodot}Tosine have been s}’nthesized, 
and some have been foimd to counteract the pharmacological effects of 
th}Toxine on tadpoles. The relationship of these ethers to the hormone 
follows from the fact that thvToxine is the hydrox}’diiodophenyl ether of 
diiodot}Tosine. The formation of the first members of the present series 
of agents came as a result of attempts to sv'nthesize analogues of thvToxine 
with 1 or more C atoms interposed between the two benzene rings but other- 
wise identical wth the hormone. 

The synthesis of the desired p-hydrox}’diicdobenzyi ether failed because 
all attempts to reduce the p-nitrobenz}’l ether of N-acetyldiiodot}TOsine 
to the amine (which could be deaminated and iodinated) led to reduction 
of the benzyl ether to N-acetyldiiodotyrosine. lYhen the correspKjnding 
p-mtrophenylethyl ether was reduced, the amine was formed, but difficul- 
ties in the deamination made the s}'nthesis of the phenylethyl analogue of 
th}Toxine,i.e. p-hydrox}'diiodophenylethyl ether of diiodotv’rosine, highly 
impractical. 

The nitrobenzyl etber was then tested for its antagonistic action to 
th}Toxine, and, since it exhibited considerable potency in this respect, a 
number of other ethers of N-acetyldiiodot}Tosine were prepared and tested. 

* With the technical assistance of M. L. CoUyer, R. Brown, and A. Hollowaj*. 
The elementary analyses were performed by Dr. E. Elek. 
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The presence of the p-nitro group (which was presumably reduced to an 
NH2 by the animal) Avas not necessary for activity, because the benzyl 
ether of N-acetyldiiodotyrosine Avas almost as potent as the p-nitrobenzyl 
ether. Indeed, an aromatic ring system Avas not essential, because the 
butyl ether displayed activity. It aa'Rs necessary, hoAA'ever, to have some 
sort of ether, for N-acetyldiiodotyrosine itself was Avithout detectable 
effect. Too close structural relationship to thyroxine did not seem de- 
sirable, since the methyl ether of N-acetylthyroxine A\’as inactive as an 
antagonist. 

In addition to their antithyroxine action, sufficiently large amounts of 
the ethers shoAA’ed a toxic effect Avhen tested on tadpoles in the absence of 
added thyroxine. Individual members of the series differed considerably 
in this respect. The p-nitrobenzyl or butyl ethers Avere of very Ioav toxicity, 
Avhile the p-nitrophenylethyl ether AA'as the most poisonous. 

Some, but not all, of the ethers, Avhen tested in the absence of added 
thyroxine, shoAved slight hormone action. The p-nitrobenzyl ether Avas 
most active in this regard, AA'hile the butyl or benzyl ethers Avere Avithout 
effect. While this Avork AA-as being completed, Shive and Snell (2) reported 
a similar finding for the pantothenic acid activity of an inhibitory analogue 
of that vitamin. Such dual roles of analogues must be considered in the 
formation of any hypothesis for the mode of action of these agents. 

Although an antagonism betAA’een certain ethers of N-acetyldiiodotyrosine 
and thyroxine could be demonstrated, the ability of these agents to correct 
the manifestations of endogenously produced hormone (i.e., hyperthy- 
roidism) cannot be stated until further Avork is done. The p-nitrobenzyl 
ether AA'as aa'cII tolerated AA^hen given orally to mice, but IcA'els sufficient for 
therapeutic purposes may not have been maintained in the tissues. 

EXPERIMENTAL 

p-Nttrobcnzyl Ether of N -Acelyl-3 ,o-diiodo-l-tyrosine — 24 gm. of N-acetyl- 
3 ,5-diiodo-f-tyrosine' Avere dissolved in 110 cc. of 1 n NaOH. The solution 
AAas heated in a boiling AA'ater bath, stirred A'igorously, and treated Avith 
11 gm. (1 cquiA'alent) of p-nitrobenzjd bromide, added in small portions 
during a period of 5 minutes. Heating and stirring AA'ere continued for 15 
minutes, and the clear solution AA'as then cooled to 0° for several hours. 
It AAas e.ssential that no excess of the bromide aa'os used, for, AA'hen this aa'os 
done, a product low in iodine and high in nitrogen AA'as obtained. As the 

The X-acctyl-3,5-diiodo-J-tyrosine AA'as prepared according to the method of 
. lycrs (3). IIoAA-ever, the melting point AA'as 124° instead of the 198-200° recorded 
in the literature. The preparations Avere analytically pure (calculated, N 2.9G; 
foun^d, N 3.00) and VA cre converted in good yield to the p-nitrobenzyl ether and back 
o t e original VAithout alteration of the melting point. All melting points recorded 
in this paper were uncorrected. 
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reaction mixture cooled, the sodium salt of the desired ether precipitated. 
This salt was separated in a centrifuge, washed nith a small amount of cold 
water, and recrj-stallized from the minimal amount of 1 x NaOH. It was 
then dissoh-ed in 750 cc. of water, and the solution was ex'tracted once 
with ether, freed of ether, and then acidified nith HCl. The p-nitrobenzj’l 
ether of N-acetyldiiodotyrosine which precipitated was filtered off, washed, 
and dried. Yield 25 gm.; m.p. 82-87°. It began to soften at 82°, and 
sintered as the temprerature was raised, until complete melting occurred 
at 87°. The rather wide melting range was found for most of the ethers 
prepared in this study. The p-nitrobenzyl ether could be recrj'stallized 
from dilute alcohol, but from this solvent it usually precipitated as an oil 
which crystallized only on long standing. Purification by this means did 
not alter the melting point. 

CnHiiOiN-Ij. Calculated, K 4.6, I 41.6; found, K 4.7, I 405 

Attempts to reduce the nitrobenzyl ether to the corresponding amine 
always led to the formation of X-acetyldiiodotjTOsine, m.p. 124°, in good 
jaeld, whether the reducing agent was FeSOi and NH<OH, or alkaline 
hydrosulfite, or Sn and HCl. 

V-Niirophenyleihyl Bromide — ^To 100 cc. of fuming nitric acid cooled to 
— 15° and stirred rapidly, 50 gm. of phenylethyl bromide were added 
dropwise. The reaction mixture was poured on 200 gm. of cracked ice, 
and the precipitate which formed was collected and recrystallized from 
alcohol. Yield 43 gm.; m.p. 64°. 

CiHtO^KBr. Calculated, Br 345; found, Br 345 

To demonstrate that the nitro group had been introduced into the para 
position, a small amount of the compound was ox-idized ivith alkaline per- 
rnanganate to p-nitrobenzoic acid, m.p. 233°, the same as that of an 
authentic sample. 

p-i^^itrophenykthyl Ether of N-Acetyl-3 ,5-diiodo-l-tyrosine — 9.6 gm. of 
Y-acetyl.3,5Hliiodo-Z-tjTosine were dissolved in 64 cc. of methanolic 1 x 
YaOH and treated u-ith 9.2 gm. of p-nitrophenylethyl bromide. It was 
necessarj- to use an excess of the bromide, and to carry out the reaction in 
alcohol, because the yield was small when the conditions described above 
for the preparation of the nitrobenzyl ether were emploj-ed. The solu- 
tion was refluxed for 2 hours, concentrated under reduced pressure to dry- 
ness, and the residue was warmed with 20 cc. of water and cooled to 0° 
for several hours. The sparingly soluble sodium salt of the nitrophenyl- 
ethyl ether was separated and dissolved in water. This aqueous solution 
"as extracted with ether to remove p-nitrophenylethyl alcohol, and, after 
the dissolved ether had been distilled from the aqueous phase under reduced 
pressure, the p-nitrophenylethyl ether was precipitated by acidification 
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with HCl. It was then recrystallized from dilute alcohol. Yield 3.5 gm.; 
m.p. 162°. 

CitHi80jN2l5. Calculated, N 4.5, I 40.7; found, N 4.6, I 39.6 

3.5 gm. of the ether were reduced by dissolving in 100 cc. of dilute NH4OH 
at about 70° and slowly adding 11 gm. of FeS04 -71120 dissolved in water. 
The mixture was centrifuged and the resulting solution was concentrated 
under reduced pressure and adjusted to pH 4.5. Part of the amine pre- 
cipitated as the ammonia was removed by distillation, and the remainder 
when the pH was brought to the isoelectric point. It formed a sparingly 
soluble hydrochloride with aqueous HCl. "When attempts were made to 
deaminate this amine to the corresponding phenol according to standard 
methods, much darkening occurred, and only a small yield of what appeared 
to be the phenol was isolated from the reaction mixture. This was iodi- 
nated and the products separated according' to the method of Harington 
and Barger (4), but the yield of the phenylethyl analogue of thyroxine so 
produced was only 121 mg., and did not allow adequate purification and 
study. 

Benzyl Ether of N-Acetyl-3 ,5-diiodo-l-tyrosine — A solution of 4.8 gm. of 
N-acetyl-3 ,5-diiodo-f-tyrosine in 24 cc. of 1 n NaOH was stirred ^^gorously, 
heated in a boiling water bath, and treated with 1.3 gm. of benzyl chloride 
dropwise. On cooling the reaction mixture, the sodium salt of the benzyl 
ether, in contrast to the behavior of other ethers examined in this work, 
did not precipitate ; so that it was necessary to acidify the reaction mixture, 
and to reprecipitate the product which separated from 35 per cent alcohol. 
This operation had to be repeated several times in order to remove com- 
pletely the unchanged N-acetyldiiodotyrosine. The latter could be de- 
tected in this or other ethers herein described by the red color it gives with 
nitrous acid and ammonia (3). The benzyl ether was finally recrystallized 
from methanol. Yield 3.4 gm.; m.p. 84-90°. 

CuHn 04 NI:. Calculated, N 2.5; found, N 2.7 

Butyl Ether of N-AcctylS ,5-diiodo-l-tyrosine — This compound was ob- 
tained from 7?-butyI bromide and N-acetyl-3 ,5-diiodo-f-t3Tosine in a manner 
similar to that described for the p-nitrophenylethyl ether. Yield from 9.5 
gm. of the tyrosine derivative 6.1 gm.; m.p. 103°. 

CisHisO.NIj. Calculated, N 2.7; found, N 2.7 

0-Mcthrjl-is -acctyl-dl-lhyroxinc was prepared according to the directions 
of Mj-ers (3). 

Assay mth 7 ad poles for Detection of Antagonism to Thyroxine — The assaj' 
wa.s b.'i.'ed on the fact that thyTOxinc is a lethal agent to tadpoles. As is 
veil known, minute quantities of this hormone stimulate markedly the 
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rate of metamorphosis of these animals. Larger amounts cause rapid 
metamorphosis which is abruptl}’ terminated by death. For the purposes 
at hand, protection against death pro%-ed to be a better criterion of anti- 
thyro.xme acti\-ity than measurements of the rate of change into frogs. 
Furthermore, the aim of the work was to find agents which would protect 
against the tOHC effects of e.vcess th 3 Toxme. 

Groups of about twelve tadpoles, each animal 3 to 4 cm. in total length 
and in the stage of de^lopment just prior to the appearance of hind leg 
buds, were immersed in 500 cc. portions of a 1:20 dilution of frog-Ringer’s 
solution- in distilled water. In each series of tests graded doses of thjTo.vTne, 
of the compounds to be tested, and of a mbrture of a fixed amount of thj'- 
ro-rine and graded doses of the substances to be tested were added. AH 
compounds had been dissolved in an equivalent of JCaOH, and the solutions 
brought to pH 7 wnth HCl. The tadpoles were admitted and after 24 
hours were strained off, washed with water, and returned to 500 cc. of 
diluted Ringer’s solution and fed a small piece of hard boiled egg white. 
Solution and food were changed daily. The animals were obser\'ed for 
signs of metamorphosis over a period of 2 weeks. Dming the test period, 
the untreated control groups which were alwaj-s included in a series grew 
slightlj' (about 4 mm. average increase) but did not otherwise change 
noticeablj'. 

The p-nitrobenzjd ether was tested for its effect on the quantitative assaj' 
for thyro.xme proposed by Gaddum (5). This test depended on the shrink- 
age in total length, which followed the submergence of tadpoles in verj- 
dilute solutions of the hormone. The abilitj- of the nitro ether to overcome 
this effect was taken as another measure of antagonistic action. 

■Antagonism of Certain Thyronne Analogues to Hormone As Measured by 
Tadpole Test — ^When the p-nitrobenz5-l ether of N-acetyl-3,5-diiodo-f- 
tjTosine was mixed nith one or more lethal doses of thyro.xine, the toxic 
action of the hormone was diminished or almost completely abolished (see 
Table I). Furthermore, the data show that the corresponding benzj-1 ether 
was slightlj- less, and the p-nitrophenj-Iethjd ether slightlj' more active. 
The butyl ether was less active than the benzj-l compounds. X-Acetyl- 
3,5-diiodo-Z-t\Tosine was ineffective, as was also 0-methj'l-X-acet\'l- 
thjToxine. 

Thyroxine Action of Analogues — ^The data in Table I also show that the 
p-nitrobenzj-l ether when tested in the absence of the hormone had thj-- 
ro.rine acth-itj-. ^ileasured bj- the quantitative technique of Gaddum (5), 
this ether had about 0.05 per cent of the activity- of <fZ-thyroxine. The 
p-nitrophenj-lethyl ether and the benzyl ether had a barely perceptible 
thpoxine effect, but the buty-l ether was inert in this respect. Because of 
this thyToxine activity- it was not possible to achieve complete protection 

’Glucose was omitted from this solution. 
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Table I 


Effects of Analogues of Thyroxine, with and without Hormone, on Rate of Survival and 

Metamorphosis of Tadpoles 


Compound 


rf/-Thy- 

Toxine 

No, of 
animals 

No. of 
deaths 

Kemarks on metamorphosis 

None 

trig, per cc. 

7 per cc. 

0 

74 

3 

No change 

1 


0.5 

31 

12 

All had 4 legs 

“ i 

1 

1.0 

24 

16 

tt tt ^ II 



1.2 

19 

16 

tt tt 4 It 



2.0 

31 

29 

II II 4 II 



3,0 

22 

22 

II II 4 II 

p-Nitrobenzyl ether* 

0.50 

0 

19 

0 

5 had hind leg buds 

i 

(t 11 1 

0.75 

2.0 

12 

1 

or legs 

Hind legs only 

<< l{ 

0.50 

2.0i 

24 

7 

All 4 legs 

*t tt 

0.37 

1.0 

23 

8 

tt 4 tt 

tt tt 

0.25 

2.0 

7 1 

6 

II 4 II 

tt (1 

0.25 

1.0 

11 

6 

tt 4 tt 

tt tt 

0.50 

4.0 

7 

4 

It 4 It 

tt tt 

0.50 

0.5 

12 

0 

Hind leg buds only 

It tt 1 

0.50 

10.0 

12 

11 

All 4 legs, but survi- 

p-Nitrophenylethyl ether, .. 

0.50 

1 

0 

i 

1 

11 

4 

val 1 day longer 
than controls 
which received IO 7 
per cc. thyrosinc 
[ alone 

3 had hind leg buds 


0.50 

2.0 

10 

' 1 

1 Hind legs only 


0.30 

1.0 

12 

1 

It It II 

• ' II j 

0.25 

' I.O 

12 

4 

tt 11 It 

Benzyl ether 

0.75 

0 

7 

2 

" leg buds 

t< II 

0.75 

1.2 

12 

3 

barely visible 
Hind legs only 


0.50 

1.2 

7 

4 

All 4 legs 


0.25 

1.2 

7 

2 

tt 4 tt 

n-Butyl “ 

0.75 

0 

16 

3 

No change, deotbs 

tt tt 

1. 00 

1.2 

7 

0 

were from inter- 
current causes 

All 4 logs 

N-Acctyldiiodo-1-tyrosine 

0.50 

1.2 


6 

II 4 “ 

1.00 

1.2 

20 

16 

tl 4 “ 

O-Mcthyl-N-acctj-l-dl- 
tlivroxine 

0.10 

1.2 

12 

12 

tt 4 tt 


0.50 

1 1-2 

12 

12 

All dead within - 

— 

1 

1 




days 


• Al! ethers were of X-acctyl-3.5-diiodo-I-tyrosine. 
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of the tadpoles against accelerated metamorphosis with the nitro ethers 
because the amounts of these necessary' for total counteraction of the 
test dose of thjTOxine were enough to exert a small hormone effect by 
themselves. 

Poisonous Properties of Analogues — Some of the thiuoxine analogues 
showed a toxic action on tadpoles when tested in the absence of thjToxine. 
This manifested itself by death of the animals within 24 hours of their 
immersion in solutions of the agents. This was in contrast to any lethal 
effects attributable to thjuo.xine-like toxicity, in which characteristically 
death occurred seT-eral dal's after immersion, and after accelerated meta- 
morphosis had run its course. The p-nitrophenylethyl ether was the 
strongest in this respect. 

Thyroxine Activity of p-Nitrobenzyl Ether in Mice — ^The slight thiuoxine 
activity of the p-nitrobenzyl ether was also found when it was assayed in 
mice for its ability to protect these animals against the toxic action of 
methyl cyanide (6). TlTien fed at 20 mg. per gm. of diet, it protected 50 
per cent of the mice from 1.5 lethal doses of methyl cyanide, an effect equal 
to that shown by about 1 y of dZ-thyroxine per gm. of ration. The inclu- 
sion of 2 per cent of the nitrobenzyl ether in the diet for a period of 10 
days did not seem to affect the mice adTOrsely. 

Influence of p-Nitrobemyl Ether on Quantitative Assay for Thyroxine with 
Tadpoles — IMien tested according to the method of Gaddum (5), the 
actinty of thyroxine in decreasing the length of tadpoles was reduced to 
/O per cent of the original value by the inclusion of 0.5 mg. jjer cc. of the 
nitrobenzyl ether. 

SUMXL\RT 

Several ethers of N-acetyldiiodotyrosine were prepared for the first time 
and shown to protect tadpoles against the lethal action of thyro.xine. 
They also antagonized the effect of the hormone in causing increased rate 
of metamorphosis of these animals. The p-nitrophenylethj'l ether was the 
most active, followed closely by the p-nitrobenzyl ether. The benzyl and 
butyl ethers were less effective. The nitro ethers had a weak thjToxine 
activitj' (in either tadpoles or mice) as well as an antithjToxine propertj'. 
jN-.\cetyldiiodotjTosine and O-methyl-N-acetj'lthjToxine were ineffective 
2 s antagonists of thyTo.xine. 
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(From the Depariment of Biochemistry, Cornell Unirersity Medical College, Neir York 

City) 

(Received for publication, March 28, 1046) 

After tve had demonstrated the presence of a cyclic urea ring in biotin 
(1, 2), the sjTithesis of cyclic urea compounds containing aliphatic car- 
boxj’lic acid side chains tvas undertaken. It was hoped that these com- 
pounds might possess either biotin-like activity or antibiotin activity. 
We were also interested in finding out whether such cyclic urea compounds 
could combine with aridin. 

This work received further stimulus when it was found that desthio- 
biotin (3) was as active as biotin for the stimulation of the growth of yeasts 
(4, 5). The possibility that the cyclic urea compounds with the carboxj-lic 
acid side chains might be antibiotins was strengthened when desthiobiotin 
was found to be an antibiotin for Lactobacillus casei (6) and several other 
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microorganisms (7) . When it was shown that yeast could synthesize biotin 
from desthiobiotin (6), the question arose as to whether the yeast could also 
introduce a methyl group into suitable precursors and thus make biotin 
from compounds even simpler than desthiobiotin. 

In an attempt to answer some of these questions, four imidazolidone 
aliphatic acids have been prepared ; namely, imidazolidonevaleric, imidazo- 
lidonecaproic, imidazolidoneheptanoic, and imidazolidoneoctanoic acids. 
The relationship between the structure of biotin, desthiobiotin, and imi- 
dazolidonecaproic acid is illustrated by the accompanying structures. 

The microbiological activity of some of these imidazolidone aliphatic 
acids and a brief description of their synthesis have already been reported 
in a preliminary note (8). In the present paper we \vish to present the 
details of the synthesis of these compounds. Data on their microbiological 
activity will appear in a subsequent communication. 

The steps in the synthesis of imidazolidonecaproic acid (VIII) from 
pimelic acid (I) are showq in the accompanying reactions. 
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The irmdazolidonevnleric acid was prepared from adipic acid in a similar 
manner. Likewise, imidazolidoncheptanoic and imidazolidoneoctanoic 
acids were prepared from suberic and azclaic acids, respectivelj'. 

EXPERIMENTAE 

Preparation of Imidazolidonc Aliphatic Acids 

The monoethyl esters of the dicarboxylic acids were prepared according 
to the method described for the preparation of ethyl hj’drogen sebacate 
(9). The half ester acid chlorides were obtained by treatment of the mono- 
ethyl esters rnth purified thionyl chloride, according to the usual procedure 
for this reaction. 

Ethyl 8-Phlhalimido-7-oxooctanoate (F) — For the preparation of the 
chloromethyl ketone used for the synthesis of (V) the half ester acid chlo- 
ride was treated ■with diazomethane (10, 11) by the method described below. 
Diazomethane was prepared from nitrosomethylurea, according to the 
standard procedure (9 (p. 165)). 

An ether solution of 0.13 mole of diazomethane was distilled over KOH 
pellets into a solution of 18.4 gm. (0.089 m) of ethyl t-chloroformyl caproate 
(III) in 200 cc. of absolute diethyl ether. The reaction flask, equipped with 
a stirrer and condenser, was cooled in an ice bath while the diazoraethane 
was added. The reaction mixture was allo'wed to stand for about 20 hours, 
after which period diy’ HCl was passed into the solution with stirring. 
After no more nitrogen was evoUred, the ether was removed in vacuo, a few 
cc. of absolute ethanol were added, and the solution ■was distilled in vacuo. 
The jdeld of crude ethyl 8-chloro-7-oxooctanoate (IV) was 17.7 gm. The 
crude chloromethyl ketone was converted directly to the phthalimido ester 
""ithout further purification. 

To 40 cc. of dry xylene r\'ere added 10 gm. of potassium phthalimide and 
'•5 gm. of ethyl 8-chloro-7-oxooctanoate. The mixture was heated under 
a reflux for 8 hours and filtered. The xylene was removed in vacuo and the 
residual oil solidified when it was cooled for several hours at — 10°. This 
crude product, which weighed 11.5 gm., ■was re crystallized from ethanol- 
"ater. The ciystalline material ■u'as collected by filtration and weighed 
9.6 gm., 75 per cent of the theoretical j-ield from the ethyl echloroformyl 
caproate. The crude phthalimido product may be used for the subsequent 
step ■without reciystallization. For analj’sis, a small sample of the phthal- 
wmdo ester was recrj-stallized from ethanol-water. The homologous 
phthalimido compounds were prepared in good yield bj' a similar procedure 
and their properties and analyses are tabulated in Table I. 

°'^'^‘^ydro-S.oxo-4-imidazolecaproic Acid {VII ) — The crude ethyl 
'Phthalimido-7-oxooctanoate, obtained from 25.1 gm. of ethyl 8-chloro-7- 
oxooctanoate, was heated xmder a reflux for 12 hours ■\vith 400 cc. of 6n HCl. 
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The hydrolysate was cooled overnight and the precipitated phthalic acid 
was removed by filtration. The filtrate, containing the 8-amino-7-oxo- 
octanoic acid hydrochloride (VI) and IICl, was concentrated in vacuo three 
times from water to remove the excess HCl. The amino ketone thus 
prepared was not isolated in pure form. The residue was dissolved in CO cc. 
of water and treated with Darco. A solution of 1 5 gm. of KCNO in 20 cc. 
of water was added to the almost colorless filtrate. The crystalline imid- 
azolonecaproic acid separated almost immediately. The acidity of the 
KCNO reaction mixture was maintained at pH 4 to 5 by the addition of 
acetic acid, while the mixture was heated on the water bath for 30 minutes. 
After the mixture had been cooled for several hours, the crystals were col- 
lected by filtration and were washed several times with acetone. The yield 
of 2,3-dihydro-2-oxo-4-imidazolecaproic aeid (VII) was 15.9 gm., 63 per 
cent of the theoretical amount from ethyl e-chloroformyl caproate. 


Table I 


Phthalimido Compounds 


Compound 

Empirical formula 


Calcu- 

lated 

Found 

Ethyl 7-phthaIimido-G-oxoheptanoate . . . . 

“ 8-phthalimido-7-oxooctanoate 

“ 9-phthalimido-8-oxononoate 

“ IO-phthalimido-9-oxodecanoate 

CnH„OiN (317.3) 
CisHj.OsN (331.4) 
CjsHjjOjN (345.4) 
CjoH-iOjN (359.4) 

percent 

4.41 

4.23 

4.06 

3.90 

percent 

4.64 

4.12 

3.99 

4.01 


M.p. 


•C. 

5S-59 

61“t2 

51-56 

64-65 


The homologous imidazolone aliphatic acids were prepared in similar 
yield by the same procedure as that which is described for the synthesis of 
the imidazolonecaproic acid. These compounds were purified either by 
reerystallization from ethanol-water or by acidification of a warm NaHCOj 
solution of the acids. The melting points and elementaiy analyses of these 
imidazolone aliphatic acids are listed in Table II. 

The ultraviolet absorption spectra of the various imidazolone aliphatic 
acids were determined by use of a Beckman spectrophotometer (model DU) 
and are plotted in Fig. 1. These compounds showed only end-absorption, 
in contrast to 2,3-dihydro-2-o,\o-4-imidazolecarboxylic acid. The latter 
compound was prepared by the method described by Hilbert (12). 

dl-2-Oxo-J,-imidazolidincca'proic Acid (T'"///)— 15.9 gm. of 2,3-dihydro- 
2-oxo-4-imidazolecaproic acid were dissolved in 80 cc. of 5 per cent NaHCOj 
solution, and 3.0 gm. of solid NaHCOj were added to bring the pH of the 
mixture to / .G. The solution Avas placed in a high pressure hydrogenation 
bomb and approximately 12 gm. of Raney’s nickel catalyst were added. 
1 he hydrogenation was carried out under a hydrogen pressure of 2210 








Table II 

Imidazolone Aliphatic Acids 



ElcTncnt»r>' analysts 


Coffj pound 

Emplf ical formub 


1 

1 

M.p. 



Calcu- 

Utrd 

Found 

Cal- 

nj' 

Uted 

Found 

Calcu- 

lated 

Found 

2.3- Dihydro-2-oxo-4.imida- 

zolevaleric acid 

2.3- Dih}-dro-2-oj:o-4-imida- 

zolecaproic acid 

2.3- :pihydro-2^xo-4-imida- 

zolcheptanoic acid 

2.3- :pihydro-2-oxo-4-imida- 
zoleoctanoic acid 

C.HuO.N. 
(m.2) 1 

C|H|(OaN* 

(198.2) 

CiftlluOaNj 

(212.3) 

CjjHiiOiNt 

(226.3) 

fier 

cent 

52.10 

&1.53 

56.57 

5S.3a 

cent 

52.16 

jsi.io 

'56.94 

58.30 

fer 

cent 

6.57 

7.60 

8.02 

fcr 

ctnl 

0.61 

6.94 

7.99 

7.97 

P<T 

Ctnl 

15.21 

14.14 

13.20 

12.38 

per 

cent 

15.46 

13.74 

113.48 

12.01 

"C. 

242-244 

178-179 

228-229 

169-170 
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pounds at 100° with shaking for 24 hours. At the end of tliis period, the 
nickel was removed by filtration. Upon acidification of the filtrate with 
H2SO4, the dZ-2-oxo-4-imidazolidinecaproic acid separated. After the mix- 
ture had been allowed to cool for several hours, the crystalline product was 
collected by filtration. The homologous imidazolidone aliphatic acids were 
prepared under comparable conditions from the corresponding imidazolone 
aliphatic acids. The properties and analyses of these imidazolidone ali- 
phatic acids are recorded in Table III. 

Methyl dl-S-Oxo-4-imtdazolidincvalcrale — 5.8 gm. of 2,3-dihydro-2-oxo- 
4-imidazolevaIeric acid were suspended in 100 cc. of absolute methanol. 
7 gm. of dry HCl were passed into the mbcture and it was heated under 
a reflux for 1 hour. After about half of the alcohol had been removed by 
distillation, 50 cc. of saturated NaHCOs solution were added and the solu- 
tion was rendered alkaline by the addition of solid NaHCOs. The methyl 
ester of imidazolonevaleric acid was extracted with ethyl acetate. After 
the ethyl acetate solution had been dried over Na«SO^, the solvent was 
removed in vacuo. The residue of methyl 2,3-dihydro-2-oxo-4-inudazoIe 
valerate was dissolved in 100 cc. of methanol containing 15 gm. of activated 
nickel on kieselguhr catalyst and hydrogenated according to the method 
described by Winans and Adkins (13). The hydrogenation was carried 
out for 6 hours at 200° under a hydrogen pressure of 2700 pounds. The 
catalyst was then removed and the filtrate was concentrated in vacuo to a 
green oil which was purified by sublimation in vacuo. The sublimate of 
methyl df-2-oxo-4-imidazolidinevalerate xvas recrystallized from ether con- 
taining a few drops of methanol by cooling the solution at —13°. The 
crystalline material melted at 84.5-85°. 

C.Hi.OjNj. Calculated. C 53.98, H 8.06, N 14.00 

200.2 Found. “ 54.01, “ 8.26, “ 13.92 

Ethyl df-2-oxo-4-imidazolidinevalerate was prepared by a procedure 
identical to that used for the methyl ester. The imidazolonevaleric acid 
xvas esterified with ethanol and HCI, and the hydrogenation was carried 
out in ethanol. The recrystallized ethjd df-2-oxo-4-imidazolidinevaleratc 

melted at 86-86.5° 


CioHi.OjN,. Calculated. C 56.04, H 8.47 

214.3 Found. ■■ 56.03, " 8.45 

Methyl dl-2-Oxo-4-iniida2oUdinccaproate — 2-0.xo-4-imidazolidinecaproic 
acid was esterified with methanol and HCI and the resulting ester was 
hydrogenated as described above. The sublimate of methyl df-2-oxo-4- 
imidazolidinecaproate melted at 88-89° after recrj-stallization from meth- 
anol-ether. 

C,oH,,0,N,. Calculated. C 56.04, H 8.47, N 13,08 

214.3 Found. " 56.28, “ 8.05, “ 12.89 
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The hydrogenation of the esters of the imidazolone aliphatic acids mtb 
the nickel on kieselguhr catalyst gave much poorer yields than the hydro 
genation of the sodium salts of the acids ivith Raney’s nickel catalyst. 

Saponification of Methyl dl-2-Oxo-4-iniidazolidinevalerate and Methyl 
dl-2-Oxo-4-imidazolidinecaproate — The methyl esters were saponified by 
mild treatment ivith dilute NaOH, since a preliminary experiment nith 
ethyl dZ-2-oxo-4-imidazolidine valerate showed it to be cleaved to 
diaminoheptanoic acid dihydrochloride by heating with 6 N HCl. 

300 mg. of methyl di-2-oxo-4-imida2olidinevalerate were treated mth 
21.2 cc. of 0.1 N NaOH for 15 minutes at room temperature. The alkali 
was exactly neutralized by addition of the calculated amount of 0.1 n 
H 2SO4. The solution was then concentrated to dryness in vacuo and the 
residue was extracted with 40 cc. of boiling ethanol. Crystals of (ii-2-D.xo- 
4-mudazolidinevaleric acid separated when the ethanol solution was con- 
centrated in vacuo. 78 mg. of this acid, m.p. 168-169°, were obtained after 
recrystallization from a small amount of water. 

194 mg. of methyl di-2-oxo-4-imidazolidinecaproate and 16.0 cc. of 
0.1 N NaOH were warmed at 50° for 15 minutes. The alkali was exactly 
neutralized by addition of the calculated amount of 0.1 N H5SO<. The 
solution was concentrated to a volume of about 10 cc. and cooled for several 
hours. 134 mg. of crystalline df-2-oxo-4-imidazolidinecaproic acid sepa- 
rated. The product melted at 144—145° after recrystallization from a small 
amount of water. 


dl-6 ,7 -Diaminoheptanoic Acid Sulfate — solution of 500 mg. of 2-oxO-4- 
imidazolidinevaleric acid in 5.0 cc. of 6 n H 2 SO 4 was heated for 2 hours at 
120° in the autoclave and then cooled. Upon the addition of 10 cc. of 
methanol and 2 cc. of diethyl ether, the crystalline diaminoheptanoic acid 
sulfate separated. The yield after recrystallization from water-methanol 
was 571 mg. The df-6,7-diaminoheptanoic acid sulfate melted ivith decom- 
position at 250-253°. 


Synthesis of dl-2-Oxo-4-imidazolidinevaleric Add from dl-6 ,7-Dianiino- 
heplanoic Add Sulfate — Phosgene gas was bubbled into a solution of 400 mg- 
of cff-C,7-diaminoheptanoic acid sulfate in 10 cc. of 10 per cent NajCOj 
imtil the solution became acid to Congo red, according to the method 
described by Melville (14) for the synthesis of desthiobiotin from diamino- 
pelargonic acid. The mixture was concentrated in vacuo to a volume of 
G cc. Tills concentrate was then extracted continuously with ether for 
60^ hours. 137 mg. of df-2-oxo-4-imidazolidinevaleric acid were thus ob- 
tained. Further e.xtraction yielded no more product. 1.0 gm. of NajCOj 
vas added to the aqueous solution and the treatment with phosgene I'as 
rci^ated. Continuous e.xtraction vith ether yielded an additional 80 mg- 
of imidazolidonevaleric acid. A total yield of 217 mg. of the imidazolidone- 
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raleric acid, 75 per cent of the theoretical amount, was obtained. This 
compound melted at 166-167° after recrj’stallization from methanol-ether, 
and showed no depression of the melting point when it was mixed ■with a 
sample of the original df-2-oxo-4-iniidazolidinevaleric acid from which the 
diaminoheptanoic acid was prepared. 

Preparation of dl-2-Oxo-4-imidasolidinecaproic Acid from dl-7 ,8-Diamino- 
odanoicAcid Sulfate — ^The treatment of 200 mg. of dZ-2-oxo-4-imidazolidme- 
caproic acid -ndth 2 cc. of 6 n H^0< at 120° for 2 hours jdelded 243 mg. 
of dl-7 ,8-diaminooctanoic acid sulfate. After recrystallization from water- 
methanol, this compound melted wth decomposition at 258-261°. 

50 mg. of the diaminooctanoic acid sulfate ■were dissolved in 5 cc. of 10 
per cent Na-COs and treated •inth phosgene until the solution was acid to 
Congo red. By continuous extraction of this solution with ether, 27 mg. 
of d/-2-oxo-4-imidazoIidinecaproic acid •were obtained. No depression of 
the melting point was obser\-ed when this product was mixed with the dl- 
imidazoUdonecaproic acid from which the diaminooctanoic acid sulfate 
was prepared. 

dl-2-Oxo-4-imidazolidinecarboxylic Acid — 2 ,3-Dihydro-2-oxo-4-imidazole- 
carboxy'lic acid was prepared from tartaric acid and urea with H^jSO^, as 
described by Hilbert (12). The acid was esterified with absolute ethanol 
and sulfuric acid. Several attempts to hj-drogenate ethyl 2,3-dihydro-2- 
o.xo-4-imidazolecarboxj'late in the presence of nickel on Ideselguhr catalj'st 
gave a mixture of products which was difficult to purify. 

Some dZ-2-oxo-4-imidazolidinecarboxylic acid was obtained by reduction 
of the sodium salt of imidazolonecarbo.xjffic acid in NaHCOj solution -with 
Raney’s nickel catalj-st, but decarboxylation also occurred, resulting in the 
formation of ethylene urea and other imidentified by-products. 

20 gm. of 2,3-dihydro-2-oxo-4-imidazolecarbo.xj'lic acid 'n’ere dissolved 
in 170 cc. of a 5 per cent solution of NaHCOs and solid NaHCOa was 
added until the pH of the solution was 7.6. Approximately 25 gm. of 
Raney’s nickel catalyst were added and the mixture ■was hydrogenated for 
16 hours at 100° imder a pressiue of 2200 pounds of hydrogen. The 
catalj-st was removed by filtration. The filtrate ■n'as acidified to pH 4 
■nath HjSOj and concentrated to dryness in vacuo. The residue was ex- 
tracted -n-ith boiling ethanol. The alcohol was removed in vacuo and the 
residue was di^olved in hot ■water. A small amount of crystalline dl-2- 
oxo-t-unidazolidinecarboxjffic acid separated when this aqueous solution 
was cooled. 

The aqueous solution was rendered alkaline with NaHCOj and extracted 
continuously ■with ethyl acetate. When this extract was cooled, 2.5 gm. 
of crj-stalline ethylene urea separated. The ethylene urea was recrystal- 
lized from ethyl acetate and melted at 131-132°. A mixed melting point 
with an authentic sample of ethylene urea sho^wed no depression. 
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ethvi solution \\as acidified and extracted continnousiy aitb 

SLX fe-d « snt. of crude <f;-2-oxo-4-iraidarolidto 

<i'-2-oxo-4-imidacoUdtec.rbox,ric 

ac.d melted at 199-201“ after it was reco^tajfed tirice from water. 

C^HdOjN;. Calculated. C 36.92, H 4.65, N 21.54 
IdO.l Found. » 37.15, ■■ 4.85,“ 20.8S 

STIMAURY 

of imidazolidonecaproic acid, which differs from desthio- 
in detail TV>o ^ ^ of the terminal methyl group, has been described 
UdonehpDfn-nr,' Properties of imidazolidonevaleric, imidazo- 

P 10 , and imidazolidoneoctanoic acids are also reported. 

^e authors are greatly indebted to Dr. J. R. Rachele and Mr. E. C 
Jr., of this laboratory, for the microanalytical work. , 
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REIATIONSHEP OF THIOL STRUCTLTIES TO REACTION 
WITH ANTIBIOTICS 
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(Received for publication, March 12, 1946) 

A krge number of the antibiotics have demonstrated chemical reactivity 
toward compounds containing sulfhydrj-l groups (1, 2). There have also 
been observed marked differences in reactivity of individual antibiotics 
toward various t3’pes of sulfhydiyl-containing compoimds. In the present 
investigation, the effect of structure of thiol compounds on their ability to 
react •with certain antibacterial agents is interpreted in terms of the possible 
relationship of structure of thiol groups in proteins with factors of specific- 
ih’ and degree of activity of antibiotics. The importance of sulfhj’diyl 
groups to enzjune actintj’ has been demonstrated frequently (3-9), 
although the exact functions of the group are still in doubt. 

The antibiotics studied were penicillin G, streptomycin, gliotoxin, 
pyocj’anine, and the active principles of Allium saiimim (CtHmSjO), 
Arctium minus (CisH-oOs), and Asarum canadense (principle A) (10). This 
is a chemicallj' heterogeneous group with examples of antibiotics derived 
from bacteria, molds, Actinomyces, and higher plants, but all react ■with 
certain sulfhydryl compounds. Some of these antibiotics previously (2) 
were discussed briefly with respect to inactivation bj' a number of thiols 
and it ■was postulated that this class of antibacterial agents acted by 
combining ^vith essential sulfhj-diyl groups of enz>'mes and that probable 
factors involved were diffusibility of the antibiotic throughout the microbial 
cell structure, degree of adsorption of the antibiotic by enzymes, and ability 
of the antibiotic to react ■with sulfhydryl groups of the enzymes. 

Penicillin has sho^mi a high degree of specificity in its reaction with 
thiols. Cysteine, its esters, and /3-amino- and /S-dimethylaminoethanethiols 
are good penicillin inactivators; homocysteine, N-acetylcysteine, and 
thioglj'colate are poor (2). Cysteine and aminoethanethiol are equally 
effective; however, dl-dj/S-dimethylcysteine (dZ-penicillamme) (11) is not 
effective, showing interference from ^-carbon substituents other than 
hydrogen. On the basis of present information the ideal thiol type of 
inactivator for penicillin should possess a basic amino group (primary 
through tertiary) on the carbon adjacent to the carbon carrying the sulf- 
hydryl group, ■with substituents on the nitrogen smaller than ethyl (methyl 
or hj'drogen). When using this information in predicting the possible 
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reactivity of penicillin toward enzyme — SH groups, one is limited to the 
consideration of only such thiol structures derived from known amino acids 
which might exist in protein molecules. The low reactivity of N-acetyl- 
cysteine as compared with that of cysteine and its esters may indicate that 
the cysteine unit in proteins would show greatest reactivity toward peni- 
cillin when its amino group is not acylated. 

It was felt desirable to prepare sulfhydiyl-containing peptides for com- 
parison of reactivity toward the antibiotics, since cysteine esters and 
acetylcysteine are not true models of structures present in proteins. The 
two most simple dipeptides of cysteine, glycyl-Z-cysteine and Z-cysteinyl- 
glycine, were prepared. Cysteine, N-acetylcysteine, glutathione, thio- 
glycolate, and S-methylcysteine were included for comparison of reactmty. 


EXPERIMENTAL 

Glycyl-l-cysteine Hydrochloride — The dipeptide salt was prepared by 
applying the procedure described by Greenstein (12) for the preparation 
of diglycyl-Z-cystine. The residue from the sodium-liquid ammonia 
reduction was dissolved in water and acidified with h}’^drochloric acid, 
and a solution of mercuric chloride and sodium acetate was added to 
precipitate the mercaptide. The precipitate was washed thoroughly 
with water-, suspended in water, and treated with hydrogen sulfide to 
liberate the dipeptide. After removal of excess hydrogen sulfide by 
distillation under reduced pressure, the solution was treated with a dilute 
solution of mercuric chloride and the precipitate again thoroughly washed 
with water. The dipeptide was again liberated by treatment of the 
mercaptide with hydrogen sulfide, the precipitate filtered off, and the 
solution concentrated under reduced pressure. The concentrate was made 
strongly acid with hydrochloric acid and was allowed to evaporate to 
dryness over solid sodium hydro.xide in a vacuum desiccator. The hy^o- 
scopic, amorphous glycyl-Z-cysteine hydrochloride (m.p., decomposition, 
>90°) was finally’- dried over phosphorus pentoxide. Grote’s test for 
sulfhy^dryl groups (13) was positive. The rotation was [«]“ = +^.5 
(20 mg. per cc. of water); rotation of Z-cysteine hydrochloride in the same 
molar concentration (13.6 mg. per cc. of water) was [a]f = -fS.r* 

C»HiiOjN;SCl, Calculated. N 13.05, ionic Cl 16.52 
Found. " 12.85, " “ 17.20 

I-Cysieinyjgjycinc Hydrochloride — This dipeptide salt was prepared by' 
the reduction procedure of Loring and du Vigneaud (14) for N,N'-dicarbo- 
bonzoxy-Z-cystinyldigly'cine. The hydrochloride -was isolated by the 
procedure described for the pre\'ious preparation. The amorphous 
hygroscopic salt -ftfith a melting point, with decomposition, of >70° gave 
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a posith'e Grote’s test for sulflij’drj'l groups. Tlie rotation was [ct]” = 
+21.5° (20 mg. per cc. of water). 


Found. K 12.03, ionic Cl 17.15 


Reaclion of Thiols v>ith Antibiotics — The reactions were carried out in 
potassium phosphate buffers at pH 6, 7, and 8 at 23°. The rate of reaction 
of the thiols with the antibiotics (except pj'oci'anine) was measured by 
observing loss of activity of the antibiotic when tested by the routine 
C 5 ’-Iinder plate method (against Staphylococcus aureus). The pyocyanine 
reaction was observ'ed visuallj’ by the change in color from blue to green 
to colorless produced by the thiols. The thiol and antibiotic solutions 
were mixed and samples were removed for testing at intervals up to 24 
hours. The thiol concentration in the reaction mixture was 5 mg. per cc. 
for cysteine and a corresponding molar concentration of the other thiols 


Table 1 

Effect of Thiol Structures on Rate of Inactivation of Antibiotics 


Thio^ 

Approxiraale time required to inactivate 

j PenkiKm G 

Slreptotnytln j 

1 Aserun A 

1 Pyocyanine* 


1 Ar/. 


' Arr, 

Jir, 

l-Cysteine 

<1 


' 4 

0.25-0.5 

^-Cystcinvlplvclnf* . 

<1 


4 

0.25-0.5 

Glycyl-I-cysfeine 

18 


24 

0.5 

Glutathione.. . . i 

72 


48 

1 

N-Acetylcysteiae 

>100 


>48 

1 

Thioglycolate 

»100 i 

>100 

>48 

1 


* Reactivity measured by rate of color change. 


Was used. The concentrations of the antibiotics per cc. of reaction mixture 
were as foUotvs: penicillin G and gliotoxin, 0.1 mg.; streptomycin, 200 y; 
CijHjoOj (Arctium), pyocyanine, and CeHioSsO (Allium), 1.0 mg.; and 
Asarum A, 0.05 mg. The streptomycin hydrochloride assai’^ed approxi- 
mately 800 y per mg.; the other antibiotics were crj'stalline preparations, 


except pure liquid CeHioSjO (Allium). 

In no instance did S-methylcysteine react in 24 hours with any of the 
antibiotics. Glioto.xin, CsHmS-O (Allium), and CisHjoOi (Arctium) 
reacted uith all six of the sulfhydryl compounds within a few minutes 
reaction time. The approximate reaction time for complete inactivation 
of the other antibiotics is given in Table I. Penicillin and Asayvm A 
showed an increase in rate of reaction with thiols with increase in pH from 
to 7 to 8; the other antibiotics showed no appreciable differences with 
™ange of pH. 
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It is evident that in those instances in which an antibiotic sho\Ys specific- 
ity in its reaction with sulfhydrjd groups tlie sulfhydryl on a non-acylated 
cysteinyl residue is the most reactive. The generally greater reactivity 
of glycylcysteine than acetydeysteine indicates that the free amino gi'oup 
in the former has some activating action but not nearly so great as that 
of a free amino group in the same cysteine residue. 

On the basis of specificity and speed of reaction with thiols, the anti- 
biotics may be divided as follows: Group I, those such as gliotoxin, CcHu- 
SjO {AUivm), and CisHjoOb (Arcliitm), which are rapidly reactive to^^al 
most sulfhj'dryd compounds; Group II, intermediate ones such as pyo- 
cyanine; which react with most sulfhydryl compounds, but with some 
differences in rate; and Group III, antibiotics such as penicillin, strepto- 
mycin, and Asarum A, which react slowly, with more specific sulfhj’ur} 
types and Avhich show, with increase in concentration of the antibiotic, a 
marked increase in rate of reaction and lower molar ratios of thiol to 
antibiotic required for inactivation. 

DISCUSSION 

If we accept the proposal that this gioup of antibiotics inhibits growth 
by reacting with essential — SH groups in bacterial cells, two e.\pianations 
for antibiotic action which are possible on the basis of the data are (a) t o 
compounds may react with essential — SH groups of bacterial enzymes, 
(6) the compounds may react with the — SH groups in cysteinyl residues, 
as these are joined at the end of a growing polypeptide chain during protein 
anaboUsm. In this manner, antibiotics might block further growth o 
the protein along that chain by producing cysteine “dead ends.” 

Either or both of the mechanisms may be involved in inhibition o 
growth; hoAvever, with Group III antibiotics, reaction with enzyme — Sn 
groups would bn e.xpccted to take place readily only when the — SH is 
part of a cysteine residue attached at the end of a polypeptide chain, less 
readily with cysteine — SH in which free basic groups were in a neighboring 
amino acid of the chain, and least of all with a cysteine residue containing 
no neighboring basic amino groups. Group I antibiotics could react 
readily uith almost any — SH group with which they can come in contact, 
the Latter factor depending on diffusibility and adsorptive properties of 
the antibiotic. The higher antibacterial activity and specificity of •'* 
slowly — Sll-reactive antibiotic such as penicillin as compared with rapidb 
reactive CcHioSjO (Allium) might be explained partly on the basis o 
greater ad.sorbability of penicillin on enzymes and partly by “loss” of 
C»HioS:0 (Alltum) by reaction with non-essential — SH groups of struc- 
tural proteins, whereas penicillin would be “lost” primarily to essential 
— SH. 
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Penicillin, Asanim A, streptomycin, and pyocyaninc react with cystdne 
at appreciable rates only in fairly high concentrations of reactants, whereas 
CeHioSnO (Allium), gliotoxin, and CisHioOs (Arctium) react readily e\’en 
in low concentrations even though the former group includes some of the 
most active antibiotics. In order to account for this, it has been postulated 
tliat the more potent antibiotics are readily adsorbed in the vdcinity of 
enzj-me sulfhydrjd groups. DifTerential adsorbabUity on bacterial enzymes 
of normal bacterial metabolites and certain bacteriostatic agents has been 
Used by numerous investigators to explain the inhibiting action of such 
agents. In the inhibition of succinic dehydrogenase by malonate, Potter 
and DuBois (15) postulate specifically that the group blocked by the 
adsorbed interfering agent is the sulfhydryl and, in the case of quinonoidal 
compounds, a chemical reaction was proposed invobing — ^SH and the 
quinone. There may be at least three tj^Jes of inhibitors which can 
block — SH groups, (a) One type may be adsorbed by groups (such as 
— -NH- or — COOH) in the ricinity of the — SH in such a manner as to 
block the — SH physically, (h) A second type may involve adsorption 
m the ricinity of the — SH groups, followed b}’ a chemical reaction with 
the group (as possibly the quinones, penicillin, streptomycin, pyocyanine, 
and Asarum A). IVith unsaturated lactones, the possibility of a secondary 
reaction rnth amino groups also exists (16). (c) The third type may 
react rapidly with — SH ndth little or no selective adsorption prior to the 
potion (possibly CsHioSjO (Allium), CisHioOs (Arctium), HgCli, and 
inorganic oxidizing agents). 

The same forces in enzymes which attract the normally involved 
metabolite to the active — ^SH groups may be the forces attracting the 
inhibitor or antibiotic. 


SU-M-MARY 

The reactivity of sL\ sulfliydrji compounds including glycyl-/-cysteine 
and t-cysteinylglycine toward seven antibiotics has been investigated, 
Glioto.xin and the active principles of Allium sativum and of Arctium 
minus show little specificity in reactivity toward thiols, whereas penicillin, 
streptom3'cin, and the antibiotic from Asarum canadensc react much more 
readd^- with' sulfhj-drjd compounds containing basic amino groups in the 
'icinity of the — SH. Pyocyanine has intermediate properties. The 
possible sigmficance of the observations to the mechanism of interference 
of antibiotics with biologicalb* essential — SH groups is discussed. 

"i' e ore indebted to Miss !Marj' Bond and Mr. W, F. IVaraer for the 
mutine cj-linder plate tests, to Dr. A. R. Surrej' for the synthetic pyo- 
cjanine, and to Dr. Sj'dnej' Archer for the synthetic rfZ-penicfllamine, 
All are connected with these laboratories. 
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Numerous attempts have been made to isolate and characterize the poly- 
saccharide extractable from Irish moss {Chondrus aripsus). This red alga 
occurs in considerable quantities on the shores of Massachusetts, Maine, 
New Brunswick, Nova Scotia, and Prince Edward Island. It has re- 
cently been used commerciall 3 ’ as a substitute for agar and in the manu- 
facture of certain foods and pharmaceuticals because of its gelling and 
stabilizing properties. 

The polj-saccharide was first isolated bj' Schmidt (1) in 1844 and latei 
pven the name carrageenin by Stanford (2). This product has subse- 
quently been referred to as Irish moss mucilage, carragheen or carrageen, 
and gelose. Recently Tseng (3) has made a commendable attempt to 
clarify the nomenclature of the polysaccharides found in seaweeds and we 
shall follow his suggestion of retaining the term carrageenin for this poly- 
saccharide. In 1868 FlGcIdger and Obermaier (4) claimed to have proved 
the presence of galactose, and in 1887 Hfidecke, Bauer, and Tollens (5) 
the occurrence of fructose, galactose, and rafiinose. Sebor (6) confirmed 
the presence of galactose and fructose but doubted that ralfinose was 
present. He also claimed to have found small quantities of a pentose and 
of glucose. The latter sugar has been detected by hluther and Tollens 
(7), Haas and RusseU-IVelLs (8), and recently bj' Buchanan, Perdval, and 
Percival (9), 

That carrageenin is an ethereal sulfate was first shown by Haas and HiU 
(10), and the nature of this ester has been the subject of several investiga- 
tions (9, 11 - 15 ). These investigations may be summarized by stating 
that carrageenin is probably an a-1 ,3-gal3Ctopyranoside 4-sulfate, occur- 
nng lu nature as an acid salt combined mainlj' with calcium, potassium, 
and Sodium, but also with small amounts of magnesium and ammonia. 
Galactose makes up 31 to 33 per cent of the molecule and the ash content 
IS about 20 per cent. Buchanan, Percival, and Percival (9) present e\-i- 
dence from methylation studies to suggest the presence of a small amount 
of glucose, 1 to 2 per cent of pentose, and about 20 per cent of a ketose. 
It IS thus apparent that there is a considerable portion of the polysaccharide 
as j'et umdentified. Furthermore, all investigators have had difficulty 
luth the purification of this polysaccharide to the point of chemical indi- 
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viduality, and there is no convincing proof of the presence of only one poly- 
saccharide in the preparations studied. Indeed, Haas and his colleagues 
have separated two fractions, a cold water extract and a hot water extract 
of the plant. From our oira e.xperience rvith the beharior of these two 
lands of extract towards acid at pH 4 to 5, we are not convinced that this 
is a true separation. We have been able to extract all of the carrageenin 
from the alga by prolonged treatment with cold water. The colloidal 
aggregates are polydisperse and the ionic balance will change from the 
initial equilibrium in the cells with prolonged e.xtraction. These physico- 
chemical studies have been published recently (16). 

The object of the present investigation was to attempt to determine the 
nature of the unknoivn fraction of. the carrageenin molecule. We have 
been successful in isolating 2-keto-D-gluconic acid (17). This compound 
is referred to as fructuronic acid by English chemists. 

EXPERIMENTAL 

Exiraclion of Polysaccharide — ^Fresh Irish moss was collected on Prince 
Edward Island, dried and bleached by exposure to sunlight outdoors, 
roughly ground, and stored. This material was extracted (100 ml. to 
1 gm.) vrith boiling water for 1 to 2 hours, filtered through fine cheese- 
cloth, and then through a Whatman No. 3 paper covered with Hyflo Super- 
Cel filter aid (Johns-Manville) or Celite on a Buchner funnel. The filtrate 
was concentrated in vacuo at 30-40° to a viscous residue and then poured 
into 4 volumes of 95 per cent ethanol. The product was dissolved in ivater 
and dialyzed for 6 days in a modified Sorensen dialyzer with vacuum con- 
trol. The residual solution was concentrated to partial dryness in vacuo 
at 30-40° and finally dried at 60° over phosphorus pento.xide in a “pistol 
desiccator. 

The product was a fine amorphous, hygroscopic powder, usually ivhitc 
but sometimes showing a faint yellow color. It contained 18.4 per cent 
ash and 0.2 per cent of nitrogen, as estimated by Piegl’s micro-KjeldeW 
method. Calcium and sulfate in the ash were found to be 4.19 and 13.C 
per cent respectively of the dry polysaccharide, and together accounted for 
about 97 per cent of the ash. 

Hydrolysis by Hydrochloric Acid — 1.25 gm. of carrageenin were boiled 
under a reflux with 200 ml. of 2 per cent HCl for 14 hours. A dark brown 
color developed. The solution was treated with solid silver carbonate to 
rcmo\e cliloride. Excess of silver was removed by hydrogen sulfide and 
the filtrate was slightly acidified with acetic acid and concentrated to 50 ml., 
when CO ml. of 95 per cent ethanol were added. A small precipitate formed 
which was not. identified. The filtrate was evaporated to drymess on the 
steam bath. On extracting the residue with ethanol and evaporating the 
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extract, broRDish leaf-like crj'sfals separated, which gave an indefinite 
melting point. 

These, on treatment with phenjdhydrazine, j’ielded a crj'stalline product 
which melted at 164°. This product, on being warmed wth pyridine and 
benzoyl chloride, yielded crystals which melted at 121°. The former com- 
pound corresponds in properties with dZ-arabinosazone, m.p. 166-168°, and 
the latter nith the tribenzoyl ester of arabonolactone, m.p. 120° (18). 

Hydrolysis hy Oxalic Acid — 2 gm. of carrageenin were boiled under a 
reflux in an atmosphere of nitrogen for 30 hours in 200 ml. of an aqueous 
solution of oxalic acid and potassium oxalate at a concentration of 0.05 m. 
Under these conditions, the solution became onlj' slightly yellow. The 
course of the hydrotj-sis was followed by estimations of (a) free sulfate gravi- 
metrically as BaS 04 , (6) the total reducing pou'er by the method of Folin 
and Wu (19), and (c) ketose by the orcinol reagent (20). The curves for all 
three estimations were parallel and attained maximal values in about 
24 hours. 

The hydrolj’sis was repeated ^vith 10 gm. of carrageenin. The resulting 
solution was decolorized with charcoal (norit A), filtered, and chilled over- 
night at 4°. The filtrate was neutralized wth KOH and evaporated to 
dryness in vacuo at 30-40°. The brown syrupy residue was extracted with 
hot ethanol (95 per cent) until no further color was extractable. The 
combined extracts were evaporated to drjmess in vacuo at 30°, the residue 
being redissolved in absolute ethanol and the process repeated several times. 
Finally the residue was dried over PjOs in a “pistol” desiccator. 

Color Reactions — ^The usual color reactions were carried out on a few mg. 
of the alcohol-soluble residue uith the following results: Benedict, positive; 
MoUsch, purple; phloroglucinol, amber; orcinol, brownish; naphthoresor- 
cmol, red; Dische, negative. The alcohol-insoluble material gave positive 
reactions with the Benedict, Molisch, and phloroglucinol tests but negative 
reactions with the other reagents. The reactions given by calcium 2-keto- 
gluconate, isolated later, were found to be as follows: Benedict, positive; 
Molisch, purple; phloroglucinol, greenish yellow; orcinol, green on pro- 
longed heating only; naphthoresorcinol, brownish pink; Dische, negative; 
resorcinol, green on prolonged heating. 

Isolation of 2-KetogluconicAcid As Diisopropylidcnc Derivative — The whole 
of the alcohol-soluble residue, 1.90 gm., was suspended in 500 ml. of abso- 
lute acetone, together with 40 gm. of anhydrous CuS04. The flask was 
shaken occasionally for 5 days at 20°. The solution nas then filtered and 
concentrated in vacuo at 1 cm. pressure to a light yellow oil which crystal- 
lized on standing. The product was suspended in 150 ml. of ether and 
10 ml. of 0.01 x H^SOi were added. The ether layer was dehydrated with 
anhydrous Na:S 04 and aUoired to evaporate. The oil obtained was dis- 
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tilled fractionally at a pressure of 0.1 mm. The fraction collected up to 
175° crystallized on standing, and was recrystallized from a mixture of 
ether and petroleum ether. The melting point was 95° and [a] ^ = —48.8 . 
Microelementary anatysis showed C 52.99 per cent, and H 6.81 per cent. 
Constants for diisopropjdidene-2-ketogluconic acid have been recorded as 
m.p. 96-97°, [a]“ = -49.38° (21), and values for C 52.72, H 6.57 percent, 
calculated. 

Synthesis of ^-Kelogluconic Acid — A small quantity of diisopropylidene-2- 
ketogluconic acid was prepared from fructose by o.xidation ivith alkalme 
permanganate, according to the procedure of Ohle and Wolter (21). A 
mixed melting point determination vith our product from carrageenin gave 
the same value, 95°, as was obtained preidously. 

Preparation of Anilide — 500 mg. of the diacetone derivative from car- 
rageenin were dissolved in 2 ml. of 10 per cent aqueous KOH and allowed 
to stand overnight. The solution was evaporated and the residue was 
taken up in absolute ethanol. To this were added 400 mg. of aniline hydro- 
chloride in absolute ethanol. After filtration from the precipitated KCl, 
the filtrate was decolorized vith charcoal and concentrated to crj'stalliza- 

tionjm.p. 122°, [«]“ = —28.9°; previously recorded values for the anilide,. 

m.p. 120°, = --31.3° (21). 

Preparation of Methyl Ester — ^270 mg. of the original crystalline product 
were dissolved in 10 ml. of absolute ether and treated with 210 mg. of 
PCh. After several hours at 4°, 3 ml. of 3 per cent sodium methoxide in 
methanol were added. The solution was decolorized wth charcoal and 
evaporated to crystallization; m.p. 52°, [a]^ = —43.9°; recorded values 
for the methjd ester, m.p. 52°, [«]“ = —44.7° (21). 

Identification of Galactose in Alcohol-Insoluble Residue — ^The residue after 
the hydrolysis of carrageenin with oxalic acid and subsequent extraction 
with hot ethanol iveighed 13.2 gm. This material was dissolved in the 
minimum volume of water and the oxalate ion was precipitated rvith excess 
CaClj. The filtrate was methylated vith dimethyl sulfate and 8 N NaOH, 
according to the procedure of Haworth (22). On extraction with chloro- 
form, a syrup Avas obtained ivhich distilled at 150-155° and 0.1 mm. 
pressure. Tliis behavior corresponds A\ith that of trimethylmethylgalac- 
toside and identifies the presence of galactose in carrageenin, as has been 
reported previousl}' bj’ several investigators. 

Mcthylation of Carrageenin — ^20 gm. of the purified polysaccharide wem 
methylated according to the method of Haworth (22) by dissolving it in 
200 ml. of Avafer and treating the solution Aiith dimethyl sulfate and sodium 
hj'droxide at G0-S0° for 24 hours. The reagents Avere added in small por- 
tions oA'cr 2 hours Anth A'igorous stirring. The resulting solution Avas 
dialyzed against tap water imtil free from sulfate and the residual solution 
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was concentrated in vacuo at 40-50°. The process of nieth 3 dation was 
repeated. Hj’drolj'sis was next carried out in 100 ml. of 0.05 m oxalic 
acid tnd potassium oxalate under nitrogen. On cooling the solution to 0°, 
most of the o.xalate crj-stallized out. The mother liquor was concentrated 
to 50'ml. in vacuo at 30-40°, and more oxalate was removed, and finally 
taken to drjTiess. The residue was dissolved in ethanol, and the solution 
concentrated. Water was added and the solution was transferred to a 
special 1 liter flask equipped with a stirring apparatus and sealed ground 
glass joints. Methjiation, as preiiouslj- described, was repeated. The 
solution was extracted with chloroform as solvent for the methjiated prod- 
uct, wKch facilitated separation from the Xa^O^. This procedure of 
methjiation was repeated twice more. Finallj', the residue was ex-tracted 
with chloroform and again methylated with methji iodide and silver o.xide, 
according to the procedure of Purdie and Inine (23). The chloroform 
was distilled off in vacuo at 40° and 16 to 20 mm. pressure and the following 
four fractions were obtained at 0.05 mm. pressure. 

Fraction 1 — 1.2 gm. of a colorless liquid distilled between 40-60°. This 
fraction reduced Fehling’s solution after hj'drolj’sis with 0.5 per cent HCl 
for 6 hours at 80°. It gave a crystalline semicarbazone, m.p. 160-167°, 
and an oxime, m.p. 102-104°. The product was tentative!}’ identified as 
u-methox}'-5-methylfurfural, which forms a semicarbazone with a melting 
point of 166-167° and an o.xime with a melting point of 103-104° (24). 

Fraction B — 2.2 gm. of an oil were obtained between 60-110°, which cr}’S- 
tallized as colorless needles, m.p. 94-95°. The material was soluble in 
ether, petroleum ether, acetone, and ethanol. It was not identified. 

Fraction 3 — 5.3 gm. of a light brown oil distilled between 110-140°. 
This fraction was soluble in ether but failed to crw'Stallize. It did not 
reduce Fehling’s solution until after hydrolysis with 2 per cent sulfuric acid 
for 12 hours at 80°. Evaporation of the neutralized hydrolysate in vacuo 
at 40-45° and extraction with chloroform jielded a S}Tup which ciystallized 
with a melting point of 70-73°, metho.xx'l content 56.5 per cent, and [ci]d° = 
+116.5°. The anilide melted at 193°. These values correspond with 
2,3,4,6-tetramethylgalactose and a determination of the mixed melting 
point confirmed the identification. 

Fraction 4 — 1.1 gm. of an oil were obtained between 140-165°. This 
did not possess reducing properties until after hydrolysis. The methoxyl 
content was 56.4 per cent. Treatment with methanolic ammonia formed 
an amide, m.p. 96-98°. This corresponds with the amide of tetramethyl-2- 
ketogluconic acid and this was confirmed by a mixed melting point. 

Fraction 5 — ^Xo further distillate was obtained up to 250° and the residue 
m the flask was dark colored and xitreous in character. 

Isolation of Crystalline Methylated Catrageenin — 15 gm, of carrageenin in 
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200 ml. of distilled water were methjdated as previously described by fire 
successive treatments vith 100 gm. of dimeth 3 d sulfate. Between treat- 
ments the solution was neutralized with sulfuric acid, and sodium sulfate 
Avas removed bj' dialysis for 6 hours. After the final treatment, the solu- 
tion was dialyzed for 6 days against running water at pH 6 and a tempera- 
ture of 4°. The residual solution was centrifuged and concentrated to 
50 ml. in vacuo at 40-50°. It was poured into 2 liters of 95 per cent ethanol. 
The precipitate was removed and the solution again concentrated to 50 ml. 
in vacuo at 20-30°. It was poured into 50 ml. of absolute ethanol and 
150 ml. of ether Avere added. A copious Avhite precipitate formed, Avhich 
AA’as alloAA'ed to stand for 5 days at 4°. The liquid AA-as then filled AAith 
rosettes of microscopic needles (Fig. 1). These Avere filtered and analj'zed; 



m.p. 130-140° AA-ith charring, [«)“ = +48.0°, metho.vyl 15.2 per cent, ash 
18.2 per cent. Similar Amlues obtained on amorphous methylated car- 
rageenin Avere m.p. 130-140° AA-ith charring, [aj” = +47.6°, metho.vyl 
14.8 per cent, ash 17.9 per cent. 

Attempted Estwiation of 2-Kctogluconic Acid; Resorcinol i?cachoa— This 
determination Avas first attempted by the technique of the resorcinol reac- 
tion (25). A control solution of 0.5 per cent calcium ketogluconate sho'A’cd 
no color in 20 minutes and only a light green after 1 hour at 80°. Tavo 
preparations of the polj-saccharide Avere submitted to the same conditions 
and compared to a standard solution of 0.010 per cent fructose. Calcu- 
lated as fructose on a moisture-free basis, the cold e.vtract of Irish moss 
gaA'c a titer of I4.S per cent and the hot extract, 22.4 per cent. The error 
intro<luccd by galacto.so at a concentration of 35 per cent of the carragccnin 
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was found to be 7.15 per cent of the color obtained. Thus the corrected 
values for ketose in the cold e.vtract would be 13.7 per cent and in the hot 
extract 20.8 per cent. Under the conditions of the determination, longer 
heating did not change the values obtamed. So high a proportion of 
ketose is somewhat surprising because of our inability to isolate the corre- 
sponding diisopropylene derivative or the osazone. 

Naphthoresorcinol Reaclion — ^The estimation was carried out according to 
the technique of Kapp (26). The standard color was developed in a tube 
containing 0.455 mg. of ketogluconic acid as the calcium salt. The color 
developed slowly and was not evident within 1 hour, thereby resembling 
the behavior of galacturonic acid. The color was compared in a photo- 
colorimeter at wave-lengths of 550 and 590 m;i with that given by 1 mg. 
of carrageenin. The result indicated more than 100 per cent of keto- 
gluconic acid in the polysaccharide. It was concluded that other constitu- 
ents participated in the reaction and yielded color with greater intensity 
than the standard used. The method is therefore inapplicable. 

Furfural Phloroglucide Reaclion — Leffevre and ToUens (27) have shown 
that gluciuonic acid will form furfural to the e.xtent of one-third of its 
weight as phloroglucide imder the conditions for the estimation of pentose. 
After refluxing a solution of 0.388 gm. of ketogluconic acid in 12 per cent 
HCl for 4 hours and distilling according to the ICrober procedure (28), 
0.130 gm. of phloroglucide was obtained. This corresponds to exactly 
one-third of the original acid. This procedure, applied to 1.314 gm. of 
carrageenin after 7 hours refluxing, formed only 0.0143 gm. of phloro- 
^ucide, the equivalent of 3.26 per cent of ketogluconic acid. If calculated 
cs pentose, the result corresponds to 0.98 per cent, which is in agreement 
with the figure of 1 per cent obtained by Buchanan, Percival, and Per- 
cival (9). 


DISCUSSION 

The finding of 2-keto-D-gluconic acid as a product of the hydrolysis of 
carrageenm is the first recorded instance of this substance as a constituent 
of a polysaccharide. It has been prepared synthetically' by oxidation of 
glucose, of fructose, and of n-glucosone, and has been produced through 
the biochemical oxidation of glucose by Acetohacler suboxydans (29) and by' 
various species of Pseudomonas (30). The substance is accordingly' of 
biological interest. The finding of this sugar acid in the polysaccharide 
moss relates carrageenin with pectin, heparin, hyaluronic acid, and 
pmc acid in addition to its relationship, as an ethereal sulfate, with 
polysaccharide from Iridaea laminarioides of Hassid. 
JNeither the free acid nor the lactone has been obtained crystalline in the 
vee state and the substance must accordingly be studied in the form of 
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derivatives. During the initial hydroly.'iis with hydrochloric acid in the 
presence of air, ive obtained some evidence for the formation of arabinose 
and arabonic acid as the osazone and benzoyl ester respectively. Decar- 
boxylation of 2-ketogluconic acid would yield arabinose, and oxidation of 
the latter would form arabonic acid or arabonolactone. The -formation of 
this last compound by acid o.xidation has already been observed by OWe 
and Eerend (31); so that hydrolysis of carrageenin rnth hydrochloric acid 
in the presence of air might conceivably give rise to the products found. 
These findings throw some doubt on the claim to the existence of a pentose 
in carrageenin, unless further proof is advanced. This view is confirmed 
by the quantitative results obtained in the formation of the furfural phloro- 
glucide from ketogluconic acid. 


SUMaURY 

From the products of hydrolysis of a purified sample of carrageenin, the 
polysaccharide of Irish moss (Chondnts crispits), with oxalic acid under 
nitrogen, 2-keto-D-gluconic acid has been isolated as the diisopropylidene 
derivative and thorouglily identified. 2-Keto-D-gluconic acid was found 
to give the color reactions of fructose except ivith the resorcinol test, and 
to form furfural in boiling 12 per cent HCl. 

Further evidence for the presence of this compound was secured by the 
isolation of the amide of the tetramethyl derivative after exhaustive 
methylation of the polysaccharide, both before and after hydrolysis. The 
methylated polysaccharide was obtained in crystalline form and showed the 
following characteristics: m.p. 130-140° uith decomposition, [a]r 
+48.0°, methoxyl 15.2 per cent, ash 18.2 per cent. 

By hydrolysis of carrageenin ivith hydrochloric acid in air, some evidence 
was found for the formation of arabinose and arabonolactone as probable 
decomposition products of 2-ketogluconic acid. 

The content of fructose in the polysaccharide obtained by cold extraction 
was 13.7 per cent and by hot extraction 20.8 per cent, as evidenced by the 
resorcinol reaction. The furfural phloroglucide obtained corresponded to 
3.26 per cent of 2-keto-D-gluconic acid in carrageenin. 
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THE IX MVO INACTIVATION BY CYANIDE OF BRAIN 
CYTOCHROIME OXIDASE AND ITS EFFECT ON 
GLYCOLYSIS AND ON THE HIGH ENERGY 
PHOSPHORUS COMPOUNDS IN BRAIN 
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The sjTnptomatologj' of cyanide poisoning has been knoTvn for well 
over 100 years. Claude Bernard (1) was among the first to stress the 
inhibitory effect on the respiration of higher animals. The work of Keilin 
(2) and of Stotz (3) has shomi that cj'anide ion combines in vilro with 
cjicchrome oxidase and thereby interferes n-ith the utilization of molecular 
oxj-gen by the tissue oxidation-reduction systems. It has also been 
demonstrated that the utilization of molecular oxygen is coupled with 
phosphorylation reactions (4-7), and Lipmaim (8) has emphasized the 
r61e of aerobic metabolism in the resynthesis of high energy phosphorus 
compounds. LePage' analyzed the tissues of rats subjected to e.vperi- 
mental shock in a Noble-Collip rotating drum and observed elevated 
lactic acid and inorganic phosphate, low glycogen, adenosine triphosphate 
depletion, some phosphocreatine depletion, and an abnormal accumulation 
of phosphopyruvate. Proger, Decaneas, and Schmidt (9) have recently 
found that the readily hydrolyzable phosphorus fraction of kidney' and 
heart tissue was decreased when rats were exyiosed to low o.xygen tensions. 
These results indicate that in the intact animal also the resynthesis of 
high energy' phosphorus compounds is coupled nith oxidative processes. 

present e.xperiments were undertaken, first, to determine whether 
brain tissue from cyanide-poisoned rats showed a diminution in cytochrome 
oxidase acthnty and, secondly, to study in some detail the distribution of 
glycogen, lactic acid, and phosphorylated intermediates in such tissue, 
particularly ndth reference to the distribution pattern of high energy 
phosphorus compounds. 


EXPERISIEXTAI. 

_ Measurement of Brain Cytochrome Oxidase Aciieity after Cyanide In- 
Jcciion ^A dose of 5 mg. per kilo of NaCN in aqueous solution was injected 
mtraperitoneally' into each of a series of adult male rats ranging in weight 
from about 250 to 400 gm. Rats so injected showed a rapid respiratory 
' LePage, G. A., personal communication. 
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stimulation, followed by agitation, incoordination, convulsions, and 
ultimate cessation of respiration. At time intervals varying from 3? to 8 
minutes after injection, when respiration had just ceased, the animals were 
decapitated and the brain quickly removed and weighed on a torsion 
balance. The brain was then dropped into a Waring blendor and enough 
iced, distilled water was added to make a 2 per cent final homogenate. 
The tissue was then homogenized for 2 minutes and strained through 
several layers of gauze to remove gross particles. Immediately before use, 
each homogenate was diluted with an equal volume of iced, distilled water. 
Control animals not injected with cyanide were treated in a similar fashion. 
Cytochrome o,xidase activity was "measured spectrophotometricall.v, as 
previously described.* 

Preparation of Brain Tissue for Analysis — The methods and scheme of 
LePage and Umbreit (10) were followed in preparing the brain tissue for 
analysis and in analyzing for the various pJiosphorylated components. 
To minimize changes in the labile components attendant upon the sacrifice 
of the rats, the control or experimental animal was anesthetized by intra- 
peritoneal injection of SO mg. of pentobarbital per kilo, and immersed in 
liquid nitrogen. 

The control animals were placed in liquid nitrogen 14 minutes aftei’ the 
injection of pentobarbital, when most of them were in surgical anesthesia; 
rats shoTOng movement on immersion were not used. In the cj’anidc- 
poisoned animals, 5 mg. of KaCW per kilo were injected intrapcritoneally fH 
minutes after the administration of pentobarbital. These cyanide poisoned, 
anesthetized rats, in contrast to the cyanide-injected, unanesthetized 
animals, did not show any coniadsions. Observations on a group of rats 
treated in this manner had shonoi that almost immediately after the 
administration of cyanide they c.xhibited a respiratorj'' stimulation, followed 
within 1-1- to 2 minutes by the onset of apnea of about 1^ to 2 minutes 
duration. The apnea was succeeded by gasping, irregular breathing, 
cessation of respiration, and death at about 8 to 13 minutes after the injec- 
tion of cyanide, or about 18 to 23 minutes after the injection of pento- 
barbital. The rats were allowed to remain in the liquid nitrogen for I 5 
to 2 minutes, at the end of which time thev were removed and decapitated 
with a sharp axo. 

Analyses of Chemical Co?npouenls-~The brain was extracted in ti-ichloro- 
acetic acid, according to the procedure of lA>Pagc and Umbreit (10). The 
trichloroacetic acid extract was quickly neutralized to pH 8,2 and used for 
the determination of the following constituents: lactic acid, inorganic 
phosphate, pho.sphoci-eatine, phosphopjTuvic acid, and total acid-solobic 
phosphorus. The tissue residue remaining after extraction was used for 

’ Albaum, H. G., Tepperman, J., and Bodawaky, O., J. Biol. Chem., 163, 641 
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determination of gl)'cogen. Tlie procedures used were in accordance with 
those described in the anaij'tical scheme of LePage and Umbreit (10), 
with two exceptions. In the determination of phosphopyruvate, no cor- 
rection was made for the small amount of triose phosphate released in 
alkaline solution. The method used for the determination of glucose was 
that of Nelson (11). 

The fractionation of the neutralized trichloroacetic acid filtrate was also 
carried out in accordance with the analytical scheme of LePage and 
Umbreit (10). To this filtrate were added a 25 per cent solution of bari\im 
acetate (0.05 ml. per mg. of phosphorus) and 4 volumes of cold 95 per cent 
ethanol. After standing overnight in the refrigerator, the mixture was 
centrifuged. The supernatant fluid (alcohol-soluble fraction) was poured 
off. The precipitate was dissolved in a few drops of x HCl, several ml. of 
water were added, and the pH was adjusted to 8.2 with 2 x NaOH. The 
resulting suspension was chilled for 20 minutes and then centrifuged. 
The supernatant fluid (alcohol-insoluble, barium-soluble fraction) was poured 
off. Tile precipitate (barium-insobible fraction) was dissolved in a few 
drops of X HCl, several ml. of water were added, and the barium was re- 
moved by precipitation with 10 x H-SOi. The supernatant fluid was 
decanted, the barium sulfate precipitate washed once with water and 
centiifugcd, and the washings added to the supernatant fluid from the 
fimt centrifugation. The combined supernatants, representing the barium- 
visohibk fraction, were neutralized and made up to volume. The first 
fraction (alcohol-soluble fraction) contains compounds of negligible interest 
and hence was not analyzed in the present work. The second fraction 
(olcohol-insoluble, barium-soluble fraction) contains, among other phos- 
phorj'lated intermediates, phosphocreatine and phosphopyruvate. How- 
ever, since these compounds had been determined in aliquots from the 
neutralized trichloroacetic acid filtrate before treatment with barium 
acetate, this second fraction was not subjected to analysis. The third 
fraction (barium-insoluble fraction) contains inorganic phosphate, adenosine 
tnphosphato, adenosine diphosphate, hexoso diphosphate, and phos- 
phoglycerate; these compounds were determined in accordance udth 
^Page and L^mbreit’s scheme (10). All three fractions were anal5’'zed 
for total phosphorus as a measure of the fractionation procedure. In 
, die various experiment.s cairied out, the sum of the total phosphorus of 
these three fractions ranged from 92 to 99 per cent of the total phasphoms 
in the original trichloroacetic acid filtrate. 

Results 

Cytochrome Oxidase Activity of Brain after Cyanide Injection — ^Table I 
shows that the average cj^ochrome o.xidase actiirity of brain, as measured 
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by the Dionomolecular reaction constant for the oxidation of cytochrome 
c, was 0.243 X 10~® for nine normal rats. The average activity for the 
brains from six rats poisoned with NaCN was 0.113 X 10~®. There mas 
thus an average decrease of 54 per cent in the cytochrome oxidase activity 
in the brain. 

Anaerobic Glycolysis and High Energy Phosphorus Compounds after 
Cyanide Injection — In Table II are shown the results of four separate 
experiments, each carried out with two control rats and two rats injected 
with NaCN. The concentrations of lactic acid, hexose diphosphate, 
phosphoglycerate, and phosphopyruvate were increased in the brains of 

Table I 

Cytochrome Oxidase Activity of Brain Homogenates from Control Animals andAnimok 
Injected Inlraperiloncally with NaCN (5 Mg. per Kilo) 

The final reaction mixture had a volume of 3 ml. and contained 0.04 ml. of 1 psr 
cent tissue homogenate, 0.01 m phosphate buffer, pH 7.4, and 2.31 X 10"* M cyto- 
chrome c. 


CoDtrol rats 

Cyanidc-injectcd rats 

Animal No. 

Monomoiccular reaction 
constant {K X 10*) 

Animal No. 

Monomolecularmacticn 

constant (X X 1°') 





1 

0.271 

10 

0.118 

2 

0.275 

11 

0.112 

3 

0.210 

12 

0.110 

4 


13 

0.120 

5 


14 

0.105 

G 

0.282 

15 

0.115 

7 




S 

0.240 



9 

0.210 


__ 

Average; 

0.243 


0.113 


the cyanide-poisoned animals. These average increases were marked ia 
the case of lactic acid and phosphopyruvate. Although the changes were 
more variable for phosphoglycerate and hexose diphosphate, statistical 
treatment showed that the concentrations of these substances were also 
significantly increased. The concentration of glycogen in the brain of 
the cjnnide-poisoned animals was significantly and markedly decreased. 
All these changes indicate quite clearly that in the rat brain, where the 
cytochrome oxidase lias been partially' inactivated by cyanide, there is o 
marked increase in glycolysis. 

In contrast to the increase in the intermediaries in the gly'colytic chain, 
the tno high energy- phosphorylated intermediaries, adenosine triphos- 
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phate and phosphocreatine, shoiv a marked and significant decrease. 
Adenosine diphosphate, as might be expected, increases as the adenosine 
triphosphate content of the tissue is lowered. Increases in the concen- 
tration of inorganic phosphate were also r^ery marked. 


DISCUSSION 

The present work shows that inactivation of cytochrome oxidase by 
cyanide, previously demonstrated in vitro, may also be demonstrated to 
exist in vivo. It would appear that, in the intact animal tissue, anoxia, 
whether brought about by arterial undersaturation (9), by inadequate 
peripheral circulation,* or by inactivation of cytochrome o.xidase, results 
in a shift from aerobic to anaerobic metabolism and a depletion of liigb 
energy phosphorus compounds. 

The question arises, however, whether there may not be differences m 
the degi’ce of these changes in different tissues in the various types of 
anoxia. LePage* found that the concentration of lactic acid was higher 
by 20 to 75 per cent in moribund shocked rats than in rats 
by asphyxiation and incubated for 20 minutes. In non-moribund, shocked 
rats the decrease in concentration of the high energy phosphorus compounds 
and the increases in concentration of inorganic phosphate and lactic aci 
Avere much greater in the liver than in the brain. Comparisons of our 
results with those of LePage* reveal that the decrease in the concentration 
of phosphocreatine and the increases in lactic acid and inorganic phosphafr^ 
Avere much more marked in the brain of the cyanide-poisoned rat than m 
that of the non-moribund, shocked rat. 

Further experiments are indicated, hov-eA^er, to define more precisely 
the pattern of chemical changes in tissue 'in ano.xia due to cytochrome 
oxidase inactivation (‘‘histotoxic” ano.xia). Cyanide poisoning involves 
disturbances in respiration AA’hich may contribute an element of "anoxic 
anoxia, and at certain stages may affect cardiac function’, and thus les 
to inadequate peripheral circulation and an element of "stagnant” anoxia. 
As has been noted, in stagnant anoxia due to shock, the extent and pattern 
of chemical changes in tissue vary Ai-ith the particular tissue.* There are 
no data available on the pattern of chemical changes in tissue in anoxic 
anoxia. The pattern of chemical changes in different tissues in cyanide 
poisoning, the extent to Avhich these are complicated by incidental dements 
of anoxic and stagnant anoxia, and the possible relation of tliese changes in 
the A’arious tissues to the degree of cytochrome oxidase inactivation remain 
to be studied. 


SUaBtARl' 

Rats, injected intraperitoncaJly Avith 5 mg. of NaCN per kilo, shoAved 
.'ipproximatdy a 50 per cent decrease in cytochrome oxidase actiAoty in 

’ c\!er, J., andTnUim, H. .7.. personal communication. 
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the brain. The brains of these cyanide-poisoned rats showed significant 
decreases in the concentrations of gl^^cogen, phosphocrcatine, and adenosine 
triphosphate, and significant increases in the concentrations of inorganic 
phosphate, lactic acid, hexose diphosphate, phosphoglycerate, and phos- 
phop3Tuvate. 

These results indicate that anoxia in tissue induced by inactivation of 
cj-tochrome oxidase results in a shift from aerobic to anaerobic metabolism 
and a depletion of high energj- phospbonis compounds. 
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The metabolite fimction and biogenesis of nutrilites have received 
mcreased attention in recent years n-ith the development of new techniques, 
particularly in the field of biochemical genetics (1). A recently developed 
technique which may be termed inhibition analysis has been successful in 
readily determining the biosynthetic sequence of metabolites (2, 3). 

In expanding tlus method of determining the metabolic interrelationship 
of cell constituents, analogues which would competitively inhibit the fimc- 
tioning of phenylalanine were considered for the purpose of studying some 
transformations in which this amino acid is involved. 

Du ^^igneaud el al. (4) have shown that (S-2-thienylalanine inhibits the 
normal growth of yeast and that the growth inhibition is prevented by 
phenylalanine. Although Dakin (5) studied the metabolism of /8-hydroxy- 
phenylalanine (phenylserine) and ^d not report any' ill effects resulting 
from its administration to cats, the structure of this substance made it 
seem to be a likely inhibitor of phenylalanine utilization. 

The present paper reports the results of studies of the competitive 
inhibition of phenylalanine utilization in Escherichia coli with /S-hydroxy- 
phenylalanine and /3-2-thienylalanine and the effects of phenylalanine and 
tryptophane on this inhibition. These results indicate that tryptophane 
he a precursor of phenylalanine. /3-Hj'droxyphenylalanine also 
inhibits competitively the functioning of phenylalanine in LaclobaciUus 
orahinosus 17-5 and in Streptococcus faecalis R, both of which require an 
outside source of phenylalanine for maximum rate of growth. 

EXPERIMENTAn 

^^'^•Bydroxyphenylalanine — One of the two stereoisomeric forms of 

■^-hydroxyphenylalanine was prepared by the method of Erlenmeyer 
and FrOstuck (6). 

^H-2-Thienyhlanine — dl-/9-2-Thienylalanine (100 mg.) was supplied 
ough the courtesy of Dr. tTncent du Vigneaud (4). 

^henylpyrwnc Add — Phenylpyruvic acid was prepared by the method 
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of Hemmerle (7) by the condensation of phenylacetonitrile and diethyl 
oxalate and hydrolysis of the resulting cyano ester. A second preparation 
of phenylacetic acid was made by treating benzylmagnesium chloride with 
dry ice (8), esterifjdng the acid with ethyl alcohol, condensing the ester 
with diethyl oxalate, and hydrolyzing the product (9). 

Tryptophane — The d/-tryptophane was obtained from Merck and 
Company, Inc., and assayed for phenylalanine by the method of Stokes 
et al. (10). Varying amounts up to 4 mg. of df-tiyptophane showed no 
activity in replacing phenylalanine in the microbiological assay. The 
sample, therefore, could not have contained any appreciable amount of 
phenylalanine. 

Testing Methods — ^The basal medium used in tests with Escherichia coli 
has been previously described (2). The casein hydrolyzed with trypsin 
was omitted. The basal medium used for Lactobacillus a7'abinosus b-5 
was essentially that described by McMahan and Snell (11), which con- 
tained no phenylalanine. A basal medium described by Stokes d ok 
(10), which contained no phenylalanine, was used for Streptococcus faccahs 

R. Time and temperature of incubation are given in Tables I to • 
The Escherichia coli culture was carried b}’’ daily transfers in a previously 
described medium (2) without hydrolyzed casein and supplemented wit 
10 mg. of d/-phenylalanine per 10 cc. 

Results — As shown in Table I, ^-hydroxj'phenylalanine inhibits the 
growth of Escherichia coli, and phenylalanine completely prevents the 
inhibition below a level of 30 mg. of inhibitor per 10 cc., at which point 
^-liydroxyTihenylalanine becomes irreversibly to.xic ; that is, its toxicity is 
not prevented by phenylalanine. The ratio of /3-hydro.\yphenyIalanine 
to phenylalanine at which complete inhibition of growth results (the 
antibacterial index) (12) is approximately 1000. As judged from the 
antibacterial index and from the amount of inhibitor necessary' to prevent 
growth in the absence of added phenylalanine, it appears that this stiain 
of Eschenclna coli is able to synthesize an amount of phenylalanine eejui' 
alent to a concentration in the medium of approximately 0.3 to 1 T per 10 cc. 

The effect of tryptophane on the toxicity of /?-hydro.\yphenylalanine 
is shoun in Table II. Tryptophane is approximately one-tenth as effecti'c 
as phenylalanine at low concentrations in preventing the toxicity of the 
inhibitor but, as compared to phenylalanine, becomes progressively 
effective at higher levels. 

The effect of 200 y of dZ-trj’ptophane on the antibacterial index is sbo"e 
in Table I. The influence of the tiyptophane becomes negligible at high 
levels of phenylalanine, and is not that of changing the antibacterial index. 

The inhibition of growth of Escherichia coli by /3-2-thienylalanine and 
its pre\ ontion by’ pheny’lalanine and tryptophane are showm in Table IR • 
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In this case, the ratio of inhibitor to phenylalanine at wliich complete in- 
hibition of gronih results is approximatelj' 100; hence, /S-2-thien3’lalanine 

Table I 

Pretention of P-Hydtoiyphcntjlalanint (PhenyUeiine) Toiicity by Phenylalanine and 

T ryptophane 


Test organism, Escherichia coli; incubated 16 hours at 37°. 


/y-Hj-droryphenyUlicInc 

rf/-PhenylaIimne 

CaU’ssorneter reading 

Without added trjTP^o- 
phaue 

With added dMOTto- 
phane, 200 7 per 10 cc. 

y ftr JO u. 

0 

■y ftt JO cc. 

0 

47.0 

47.0 

100 

0 

46.0 

46.0 

300 

0 

5.0 

45.5 

1,000 

0 

2.0 

46.0 

3,000 

c 


44.0 

10,000 

0 


2.0 

0 

3 

42.0 

4S.0 

300 

3 

43.0 

47.3 

1,000 

3 

36.0 

j 49.0 

3,000 

3 

5.0 

48.5 

10,000 

3 

2.0 

2.0 

0 

10 

I 46.0 

47.2 

1,000 

10 

, 43.5 

48.2 

3,000 


30.0 

47.0 

10,000 

10 

1 7.5 

4.0 

30,000 

10 i 

2.0 

2.0 

0 

30 I 

43.0 

47.0 

3,000 

30 

41.5 

48.0 

10,000 

30 

26.2 

32.0 

30,000 

30 

2.0 

2.0 

100,000 

30 

2.0 

2.0 

0 

100 

46.5 

45.9 

10,000 

100 

45.0 

46.0 

30,000 

100 

15.5 

12.5 

100,000 

100 

2.0 

2.0 

30,000 

300 

10.2 


30,000 

1,000 

16.0 


30,000 

3,000 

22.0 


30,000 

10,000 

20.0 


Antibacterial index. . . 


1000 Ca. 

1000 Ca. 

■ 

1 


1 


IS appro^tnately 10 times as effective in inhibiting the growth of Escherichia 
“ * as is ^-hydroxyphenylalanine. Tryptophane is about one-tenth as 
I'e as phenylalanine in preventing the inhibition of growth at low 
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Table n 


Test of&-Hydro.yphenylalanine 

Escherichia coli; incubated 15 hours at 39“. 


P-Hydroxyphenylalaniue 

1 Galvanometer readings 


l-Tfyptophane, 0 y per 10 cc. 

d/-Tryplophanc 

y ter lO cc. 

0 

100 

300 

1,000 

57.5 

48.5 

6.5 

3.0 


0 

100 

300 

1,000 

3 7 per 10 cc. 

6 7 per 10 cc. 

57.0 

54.0 

25.5 

3.5 

55.0 

55.0 

43.0 

4.5 

0 

300 

10 7 per 10 cc. 

20 7 per 10 cc. 

56.5 

56.0 

1,000 

54.0 

54.0 

3,000 

7.0 

3.6 

3.0 

4.0 

0 

300 

30 7 per 10 cc. 

60 7 per 10 cc. 

56.5 

56.5 

1,000 

55.0 

55.0 

3,000 

21.5 

19.5 

4.0 

3.5 


100 7 per 10 cc. 

200 7 per 10 cc. 

0 

1,000 

56.5 

57.5 

3,000 

55.0 

55.0 

10,000 

11.0 

8.5 

~ 

3.0 

7.0 


1000 7 per 10 cc. 

2000 7 per 10 cc. 

3,000 

58.0 

56.0 

10.000 

57.5 

54.0 

• — - — _L 

3.0 

4.0 


li is inliibited by S-hvrlrm^^^ o^a5jnoms 17-5 and Streptocoanis Jaecdi^ 

Anjclro.xyphenylalamne, as shomi in TaWe IV. The 



lABIX 111 

pTcrention of 0-S-Thimylalanine Tozicity hy dl-Phcnylalanine and dl-Tryplophane 
Test organism, Ezchtrichia coli; incubated 16 hours at 37®, 


fl-^J-ThiesyUlmise 


7 per 10 cc, 
0 
3 
10 
30 


G^lrasceaeter rtadlc^ 


dl-PbeayUUiuce, 0 y per 10 cc. 


d/-Tryptopbaac 


10 y per 10 cc. 


20 y per 10 cc. 


30 y per 10 cc. 


60 y per 10 cc. 


100 y per 10 cc. 


200 y per 10 cc. 


30 y per 10 cc. 


600 y per 10 cc. 


0 

300 

1000 

^3000 

''^tibacterial index lOO Ca. 

Contains 200 y of dl-tryptophane per 10 cc. 
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2000 y per 10 cc. 
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inhibitory action of the compound is prevented by sufficient amounts of 
phenylalanine below levels of 30 to 100 mg. per 10 cc., at which point the 
toxicity of /3-hydroxyphenylalanine is not completely prevented by any 
amount of phenylalanine. The competition of /3-hj’^droxyphenylalanine 
and phenylalanine results in an antibacterial index of approximate!}'’ 200 
for both Laclobacilhis arabinostts 17-5 and Streptococcus faecalis R. In 


Table IV 

Prcvenlion of P-Hydroxyphcnylalaninc (Phcnylscriric) Toxicity ly dl-Phenylalanine 


Test organisms incubated 16 hrs. at 30°. 


^-Hydroxyphcnylalanine 

<f/-Phenylalanine 

Galvanometer readings 

Loctobocillus orabitiosus 

Slreptococcus faecalis R 

y per JO cc. 

0 

y per JO cc. 

0 

12.5 

1.0 

0 

50 

44.0 

47.0 

300 

50 

38.5 

37.0 

1,000 

50 

23.0 

33.0 

3,000 

50 

11.0 

15.0 


50 

5.0 

3.0 

0 

100 

56.5 

53.0 

300 

100 

42.0 

52.0 

1,000 

100 

36.0 

47.0 

3,000 

100 1 

34.0 

34.0 

10,000 

100 

9.0 

5.0 

0 

300 

54.0 

55.0 

1,000 

300 

50.0 

58.0 

3,000 

300 

35.0 

54.0 

10,000 

300 

45.0 

54.0 

30,000 

300 

10.0 

17.0 

100,000 

300 

5.0 

4.0 

0 

1,000 

56.0 

58.0 

100,000 

1,000 

10.0 

23.0 

100,000 

3,000 

11.5 

33.0 

100,000 

10,000 

14.0 

35.0 

100,000 

30,000 

23.0 

35.0 

•Antibacterial index 


200 Ca. 

200 Ca. 


contrast to Escherichia coli, which synthe.sizcs phenylalanine, these organ- 
isms, under the conditions of testing, require added phenylalanine for 
maximum rate of growth. 

The effect of other amino acids on the inhibition of the growth of Escher- 
ichia coli by /S-hydroxyphenylalanine indicate.s that some of these may be 
related metabolically to phenylalanine. Xone of the amino acids were ns 
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effective as trj-ptophane and phenylalanine; however, the activity of those 
amino acids which may be considered substituted alanines in preventing 
the toxicity of ^-hydrox-j-phenylalanine is sufficient to warrant further 
investigation. 

In an attempt to determine how tiyptophane and phenylalanine were 
metabolicaliy interrelated, /S-phenylethylamine, phenylsulfuric acid, and 
phenylpjTunc acid were tested and found to show no effect on the toxicity 
of thienylalanine or iS-hydroxi-phenylalanine either in the presence of or 
in the absence of trv'ptophane. A sample of phenylpjTunc acid prepared 
by the acid hydrolj-sis of ethyl /3-cyanophenj'I pjamvatc was about one- 
thirtieth as active as phenylalanine, whereas phenylpjTunc acid prepared 
by an alternate method was inactive. The formation of ammonia during 
the hydrelj-sis of the cyano compound presmnably produced a small 
amount of phenylalanine, which caused the preparation to show slight 
activity. 


DISCCSSIOX 

Competitive inhibition studies, of the tj-pe illustrated by these data, 
may be conveniently interpreted by assuming that the inhibition of growth 
of a microorganism results from the competition of the analogue tritb a 
metabolite for a specific enzjTne, that the analogue-enzjune complex is 
incapable of performing the normal function of the metabolite, and that 
the growth of the microorganism is a function of some product normally 
formed by the blocked enzjmc, when this sj'stem becomes a limiting factor 
of growth (2). According to this concept, ^S-hydroxyphenylalanine and 
/3-2-thicnylalanine block the utilization of phenylalanine in a process es- 
sential to the growth of the orgam'sm. 

Substances other than the metabolite which reverse the toxicity of an 
analogue may generally act in two wav's; they may be a precursor of the 
metabolite, in which case they will form more metabolite and competitively 
reverse the toxicity, or they may be a product of the blocked enzyme 
system, in which instance amounts sufficient for growth will completely 
prevent the inhibition of growth caused by' the “blocked” enzyme system. 
If another enzyme system is involv-ed in the utilization of the metabolite, 
a neiv antibacterial inde.x applying to this new enzyme system may' be 
obtained in case the inhibitor blocks such a function. 

Since tryptophane was highly' effective in reversing the toxicity' of phenyl- 
alanine analogues, it must be considered from both of these standpoints. 
If tryptophane were a product of the blocked enzyme system, two types of 
changes might result: (a) the inhibitor would no longer be effective (over 
the range of concentration in which the inhibitor is competitive with 
phenylalanine) when the single blocked enzyme system is the only one 
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capable of being blocked by the inhibitor, or (b) a higher antibacterial 
index would be obtained when other enzyme systems can be blocked by 
the inhibitor. The antibacterial index determined in the presence of 
relatively large amounts of phenylalanine showed no appreciable change 
in the presence of tryptophane. The effect of tryptophane is thus “diluted” 
by large amounts of phenylalanine. This is true for inhibition of Escher- 
ichia coli with either thienylaJanine or hydroxyphenyJalanine. Thus, the 
addition of 200 7 of df-tryptophane per 10 cc. appears to result in the syn- 
thesis of approximately 10 7 of phenylalanine (based on dV). Hence, the 
ability of Escherichia coli to utilize tryptophane in forming additional 
phenylalanine would accoimt for the prevention of toxicity of phenylalanine 
analogues by trsTptophane. The fact that tryptophane becomes relatively 
less effective at higher levels also indicates that the effect is that of a pre- 
cursor rather than a product which normally is ineffective above levels 
required for growth. 

The transformation suggested above does not necessarily imply that any 
gross part of the tryptophane molecule is converted to phenylalanine. The 
actual mechanism of the reaction is at present obscure, but three other 
possibilities immediately present themselves: transcarboxylation of tryp- 
tophane wth j9-phenylethylamine, transamination with phenylpyTU^^c 
acid, and “transalanination” with phenylsulfuric acid. Further study 
is being given this problem. 

The reversing effects of the other amino acids, particularly substituted 
alanines, also merit further study. 

The authors are indebted to Joanne Macow Ravel and Marjorie Rogers 
Kom for their assistance in some of the testing. 

SUMMARY 

yS-Hydroxyphenylalanine inhibits the growth of Escherichia coli, Laclo- 
bacilhis arahinosus 17-5, and Streplococcus faecalis R. The inhibition is 
prevented competitively by phenylalanine. The antibacterial indices are 
approximately 1000, 200, and 200, respectively. At a concentration of 
30 to 100 mg. per 10 cc., yS-hydroxyphenylalanine becomes irreversibly 
toxic with respect to reversal with phenylalanine. 

Thienylalanine also inhibits the growth of Escherichia coli, and the 
inhibition is prevented by sufficient amounts of phenylalanine. The 
antibacterial index is approximately 100. 

TriT^tophane prevents the toxicity of both /S-hydroxyphenylalanine and 
thienylalanine over rather wide ranges of concentration. Following 
a method termed inhibition analysis, the effect of tryptophane was char- 
acteristic of a precursor. It is suggested that Escherichia coli has the 
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ability to transform added trj’ptophane into phenylalanine. The e.xact 
nature of the transformation is being investigated. 
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THE PURIFICATION OF TOXIN FROM CLOSTRIDIU-AI 
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Until recently it could be said that the status of our knowledge of bac- 
terial exotoxins had not changed since Roux and Yersin in 188S (I) first 
obtained the filtrable diphtheria toxin. Indeed, Toplej" and Yllson in 
1936 (2) stated, “'\Ve have not j-et succeeded in isolating anj- bacterial exo- 
toxin in a chemically pure state, although a considerable degree of concen- 
tration has been attained by various methods of fractional precipitation.” 
The same year Eaton (3) brought to light the first proof that a bacterial 
toxin (diphtheria) was a single protein-like substance bj' reporting the 
isolation of the toxin in a purified form. In 1937, Pappenheimer (4) iso- 
lated and characterized a toxic protein which appeared to be identical 
with diphtheria toxin. The properties of this protein were almost identical 
with those of the substance isolated by Eaton. With the protein nature 
of one bacterial toxin established, ivork on other bacterial toxins (strepto- 
lysin (5), scarlet fever (6, 7), tetanus (8), and Closlridium bolulimim type A‘) 
has confirmed the validity of the concept that bacterial exotoxins are 
proteins. 

YTien a toxin has been identified as a protein, proof of its purity presents 
many complex problems. Keknick and McFarlane (9) present three 
criteria of a stable chemical compound: constancy of chemical composition, 
homogeneity of physical properties, and constancy' of solubility'. In work 
wth a biologically active protein, the first criterion should of course include 
constancy of chemical composition and acth'ity. A few of these criteria 
have been applied to bacterial toxins; e.g., diphtheria toxin (10) and scarlet 
fever toxin (7). 

Pre4uous work by Sommer (11) on Clostridium bolulimim type A toxin 
has yuelded a preparation containing 250,000,000 mouse m.l.d.- per gm. 
This toxin was prepared in a peptic digest medium by precipitation at 
pH 3.5 to 4.0 and resolution in sodium acetate buffer. Since washed dried 
organisms were found to contain 100,000,000 mouse m.l.d. per gm., Som- 
mer (11) assumed that the chemically pure toxin must have a potency' many' 
times greater. 

' Lamanna, C., AIcElroy, O. E., and Eklund, H. W., Science, in press. 

® This term is not defined by Sommer; in this paper, 1 m.l.d. is defined as the small- 
est amount of toxin which causes death within 4 days of all mice injected. 
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In the present study,® Sommer’s method of purification by acid precipita- 
tion and acetate buffer resolution has been extended according to the usual 
methods of alcohol and salt fractionation of proteins. The steps of frac- 
tionation have been followed by mouse m.l.d. titrations and nitrogen 
determinations and also by ultraviolet absorption spectra and electro- 
phoresis. The fractionations, to be described in detail below, have resulted 
in preparations which are electrophoretically homogeneous, show charac- 
teristic protein properties, and have a maximum value of 220 X 10® mouse 
m.l.d. per mg. of nitrogen. Crystalline material has been obtained from 
these preparations.^ The variation of electrophoretic mobility ivith pH 
has been studied. Other physicochemical properties of the purified toxin 
are being studied and null be reported in a subsequent paper. 

Methods 

Strains — ^The Hall strain of Clostridium botulinum type A was used in 
preparing all cultures for toxin production. The strain was maintained in 
1 per cent peptone, beef heart infusion broth, which contained chopped 
beef heart in the bottom of each tube. After an initial growth period of 
24 hours at 34°, the cultures were stored at 4° until needed. In the prepa- 
ration of seed, the culture was grown 18 to 24 hours in chopped beef heart 
medium, then transferred to a 2 per cent pepticase medium for the same 
length of time. 2 ml. of the seed culture were added to each 100 ml. of 
medium, which was planted for toxin production. 

Medium — ^The medium® used for toxin production was prepared as 
follows: 2 per cent pepticase (a commercial tryptic digest of casein); 0.75 
per cent com steep liquor (containing approximately 60 mg. of N per ml.); 
tap water to volume; pH adjusted to 7.5; and 16 liters dispensed into each 
5 gallon Pyrex bottle. 

For more uniform toxin production the pepticase was treated with char- 
coal before being added to the medium. To each 100 gm. of pepticase, tap 
water was added to bring the volume to 500 ml. Solution was obtained 
by heating the mixture in the autoclave at 15 pounds pressure for 5 minutes. 
As soon as the pepticase solution was removed from the autoclave, 5 gm. 
of U. S. P. charcoal were added and the mixture was shaken intermittently 

’ This work was considered to be of such an important nature that two groups 
working independently were assigned to it. The study reported here was undertaken 
as preliminary to an investigation into the nature of Clostridium botulinum type A 
toxoid. 

* Crystalline Clostridium botulinum type A toxin was previously prepared by Dr. 
Carl Lamanna and coworkers, working independently at Camp Detrick and using 
completely difTcrent methods. 

* Pappenheimer, A. M., Jr., Manire, P., and Mueller, J. H., personal communica- 
tion. 
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for 30 minutes. The charcoal was then removed by filtration. This 
amount of pepticase ■was sufficient for preparing 5000 ml. of medium. 

The com steep liquor 'O'as treated ■with alkali and heated before it 'svas 
added to the medium. To 100 ml. of crude com steep liquor were added 
200 ml. of cold tap water plus enough NaOH to bring to pH 9.0 to 9.5. 
Tap water was added to bring the volume to 400 ml. The mbrture was 
heated in the autoclave at 15 pounds pressure for 5 minutes, then clarified 
by filtration. This filtrate was stored at 4° under toluene and used as 
needed. 30 ml. of this solution were used to prepare 1000 ml. of medium. 

The bottles were autoclaved li hours at 15 pounds pressure, commencing 
when the temperature of the exhaust line had reached 115.5°. The auto- 
clave was opened 2 hours after the steam was turned off. The medium 
was allowed to cool in the autoclave or'emight. 

0.5 per cent dextrose was added when the medium had cooled to 40° 
(400 ml. of a sterile 20 per cent solution to IG liters of medium). 

Growth — ^As soon as the medium had cooled to 35°, each bottle was 
planted ■with 300 ml. of seed. All cultures were grown 4 daj-s at 33-34°. 
A daily check of the pH was made and adjustment uith 5 N HCl or 5 N 
NaOH was made as necessarj' to maintain the reaction at pH 5.7 to 0.0. 
At the end of the growth period each bottle was checked for purity by 
examining stained smears, and by subculture in nutrient broth, nutrient 
agar slants, and nutrient agar shake tubes. 

Toxicity Test — ^The number of minimum lethal doses per ml. was deter- 
mined by injecting intraperitoneally into 20 gm. mice 1 ml. volumes of 
toxin diluted in 0.2 per cent gelatin buffer (pH 6.8).’ 

Flocculation Tests {Lf) — Flocculation tests were carried out in order to 
determine the amoimt of antito.'dn ■with which the toxin combined in vitro. 
The Lf value of a to.vin is the number of units of antitoxin rrith which 
1 ml. of toxin unites and flocculates in the shortest inten’al of time (12). 
All Lf determinations were carried out in a water bath at 42° ■with 1 mL 
portions of diluted toxin and amounts of antitoxin' (150 units per ml.) 
varying from 0.03 to 0.20 ml. 

Chemical Determinations — Total nitrogen was determined by the micro- 
Kjeldahl method. Total phosphorus was determined bj' King’s (13) 
method. 

Electrophoresis — ^Electrophoresis investigations were carried out in the 
Tiselius apparatus (14), as modified by Longsworth (15). To.rin prepara- 
tions were dialyzed statically at 2-5° against approximately' 10 volumes of 
buffer, ■with change of buffer three times daily for 3 days, with measure- 
ments of conductmty' to determine completion of dialysis (16). Relative 
concentrations were estimated by' tracing the curves obtained under a 

* Globulin-modified antitoxin, Lederle. 
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photographic enlarger and determining areas imder the traced pattern 
Yvith a polar planimeter, the same specific refractive increment for all com- 
ponents having been assumed. 

Ultraviolet Absorption Spectra? — ^Determinations of the ultraviolet ab- 
sorption spectra were made ■with the Beckman spectrophotometer ivith 
quartz cells of 1 cm. ividth. 


EXPERIMENTAL 

Preliminary Study of Nature of Toxin; Stability of Toxin — Experiments 
were carried out to confirm the reported inactivation of Clostridium 
botulinum type A toxin by alkali and heat (17). It was found that at room 
temperature the toxin was most stable between pH 1 .0 and 6.0 with maximum 
stability between 4.0 and 5.0, while above pH 7.0 the toxin was rapidly 
destroyed. It was found also that a temperature of 60° at pH 5.0 was 
sufficient to destroy 100,000 m.l.d. in 5 minutes. In order to prevent 
inactivation of the toxin during the purification procedure, the pH was 
maintaiaed below 7.0 by means of the buffers (1 per cent sodium acetate 
and 1 per. cent potassium phosphate) and the temperature was maintained 
at 4° except during precipitation with Nai.S 04 , which was carried out at 
room temperature. 

Fractionation with Add, Alcohol, and Na^SOi — ^The whole culture con- 
taining both toxin and bacteria was adjusted to pH 3.5 and allowed to 
stand at room temperature for several days. The precipitate wliich formed 
was separated and washed by decantation several times ivith distilled 
water. The toxin was extracted by suspending the precipitate in one- 
fourth the original volume of 1 per cent sodium acetate solution adjusted 
to pH 6.5. After three such extractions the supernatants were combined 
and the insoluble residue® was discarded. The extracts were adjusted to 
pH 3.5. The precipitated toxin was separated, washed tivice ivith distilled 
water, and then redissolved in one-fourth the original volume of 1 per cent 
sodium acetate solution at pH 6.5. This concentrated toxin solution 
(Fraction A, Table I) was used for alcohol fractionation. 

Fractionation with ethyl alcohol was carried out at 4° at pH 6.5. Pre- 
cipitates were centrifuged and washed vith the same concentration of 
alcohol (buffered at pH 6.5) used in precipitation, and then taken up in 
distilled water. Fractions were obtained vlth 10, 20, 40, and 50 per cent 
ethanol. Table I summarizes the data obtained for each fraction. 

Fraction II, obtained with 20 per cent alcohol, was fractionated further 
with Na-SOi at pH. 6.5 at room temperature. The toxin was first precipi- 
tated by adding a half volume of a saturated Na-SO^ solution prepared 

’ These determinations were carried out by Dr. E. C. Smith. 

• This residue may carry with it as much as SO per cent of the toxin. 
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at 33°. The precipitate was removed by centrifuging and dissolved in 
distilled \\’ater. This toxin was then treated wth Na^O< solution to jdeld 
two fractions, one precipitated at 0.18 saturation, the other at 0.4 satura- 
tion (Fraction II-S-2). The data on these fractions are also given in 
Table I. 


Table I 


Results of Preliminary Fractionation of Crude Clostridium botulinum Type A Toxin 


Product 

Volume 

Tout 

N 

N'tP 

ratio 

Mouse m.I.d. in millions 

Electrophoretic 
data at pH 6^2- 
6.S2, relative 
concentration 

Per 

ml. 

Total 

Pc^mg- 

Is 

C X 
c C 

Component 

H, colorctl 

Cj- 

£ c 

c u 

sx 
s S 

c ^ 

u - 



mg. 





per 

per 

per 



per irJ. 





cen! 

cent 

cent 

Ithole culture 

SSKOIIJ 

2.18* 


0.8 


0.37* 




Fraction A, concentrated toxin 










solution 

295 

1.37 


8 

KKiniji 

6.0 




Fraction I, 10% alcohol 


16.2 

S 


11.0 




“ II, 20% “ 

105 


13.2 

32 


35.0 

33 

5S 

g 

“ III, 40%, “ 

650.288 

5.1 

2 

130 

7.0 




“ IV, 50% “ 


1,25 

2.1 

<0.5 

<45 

<0.4 




“ II-S-1, 0.18 saturated 


■ 








Xa-SO^ 


Biwir 

15.0 

4 


5.0 




Fraction II-S-2, 0.*10 saturated 










Xa-S04 . . . . . 

25 


14.4 

32 


100.0 

63 

37 

0 

Fraction II-S-2', pH 5.0 super- 










natant 

15 






6S 

32 

0 

Fraction 287-r\'^-A,t water- 










insoluble 

IS 





60 

100 

0 

0 


* Value obtained from another experiment. 

t The discrepancy in these values may be due to inaccuracies in mouse m.I.d. 
titrations in ■nhich 2-foId dilutions are used. 

} Prepared from a different lot of crude toxin. The unusually low m.I.d. per mg. 
of N is c.xplained in the te.xt. 

It was possible by further fractionation to obtain a greater degree of 
purity of Fraction II-S-2. By adjustment to pH 5.0, a considerable amount 
of colored impurity precipitated out at 6°. This material was removed bt' 
centrifugation. The toxin was precipitated in 0.4 saturated Na^O< at 
pH 6.5 and redissolved in cacodj'late buffer at pH 6.78 (Fraction II-S-2'). 
The data on this fraction are shomi in Table I. 

A new lot of toxin was prepared and purified in the same manner as 
















C8 


CLOSTRIDIUM BOTULINUM TYPE A TOXIN 


described above. One additional step in the fractionation procedure con- 
sisted of precipitation of the toxin by dialysis against distilled water. The 
toxin was separated and redissolved by dialysis against approximately 
0.1 per cent NaCl at 4°, By this procedure a small amount of colored 


< ? 

ASCENDING DESCENDING 



Fig. 1. Electrophoretic patterns of Clostridium bolultnum toxin fractions showing 
progressive increase in the relative concentration of Component A. Component N 
is nucleic acid. The patterns were obtained in buffer of 0.10 ionic strength (O.OS n 
N aCl, 0 02 N sodium cacodylatc. 0 004 n cacodylic acid), (a) Fraction II at pH 6.52 
after S5S0 seconds at 2.45 volts per cm.; (5) Fraction II-S-2 at pH 6.78 after 15,270 
seconds at 3.64 volts per cm ; (c) Fraction II-S-2' at pH 6.78 after 8585 seconds at 
3.66 volts per cm.; (d) Fraction 287-IV-A at pH 6 82 after 11,890 seconds at 4.13 
volts per cm. 

impurity became in'solublo and wa-s removed. The supernatant containing 
the toxin formed a white precipitate in 0.3 saturated NaiSO<, which dis- 
solved in cacodylate buffer at pH 6.8 (Fraction 287-IV-A). The data 
on this fraction arc sIiouti in Table I. 
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The electrophoretic patterns of the four most active fractions above are 
shown in Fig. 1 and the ultraviolet absorption curves are shown in Fig. 2. 

Results oj Preliminary Fractionations — The data in Table I outline the 
progress in successive steps in the purification. The column, m.l.d. per 
mg. of N, gives an indication of the relative purity of each toxin fraction. 
Thus while the crude culture contained 0.37 X 10' mouse m.l.d, per mg. 
of N, the more purified preparations contained up to 100 X 10' mouse 
m.l.d. per mg. of N. 



Fig. 2. tTltraviolet absorption spectra- of CfoslndiuTn boiulinum nucleic acid and 
of toun fractions obtained by alcohol and Kb:SO, fractionation, and by electro- 
phoretic separation. Cmrve I, Clotlridium bolulinum nucleic acid; Curve II, Frac- 
tion II; Curve III, Fraction II.S-2; Curve W, Component A from Fraction II; 
Curve V, Component A from Fraction II-S-2. 

By means of fractionation with 20 per cent alcohol a separation was 
obtained between high phosphorus- and low phosphorus-containing sub- 
stances. Further fractionation did not further reduce the N'.P ratios. 

The electrophoretic data. Table I and Fig. 1, illustrate the progressive 
increase of a single component, with gradual reduction of other components 
as the fractionation progressed. Although 20 per cent alcohol removed 
considerable nucleic acid, the electrophoretic pattern sho-wed approxi- 
mately 9 per cent of a substance with a mobility like that of nucleic acid. 
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Subsequent fractionation removed all of the fast moving component and 
finally yielded Fraction 287-IV-A, which was found to contain essentially 
one component. 

By means of electrophoretic separation runs, Component A was isolated 
free of the other components in both Fraction II and Fraction II-S-2. 
It was found that in both instances Component A was the toxin. 

The low value of GO X 10® mouse m.l.d. per mg. of N of Fraction 287- 
IV-A, which is essentially homogeneous, is in sharp contrast to the 100 X 
10® mouse m.l.d. per mg. of N for Fraction II-S-2', which contained only 
63 per cent toxin (Component A). One e.vplanation for the low m,l.d. 
value of Fraction 287-IV-A is a possible conversion of toxin to toxoid. 

The ultraviolet absorption curve for Fraction II (Fig. 2) confirms the 
presence of nucleic acid by a udde absorption band (250 to 280 irifi) which 
is typical of nucleoproteins, or a mixture of nucleic acid and proteins. 
Fraction II-S-2 and the electrophoretically isolated Component A from 
both Fraction 11 and Fraction II-S-2 gave sharp absorption maxima at 
278 ran wth no evidence of nucleic acid absorption. 

Isolation of Nucleic Acid from Culture Fluid — K nucleic acid was sepa- 
rated from the culture supernatant after precipitation of the crude toxin 
at pH 3.5. The supernatant was acidified further to pH 2.0 and the pre- 
cipitate was removed and dissolved at pH 4.0. On addition of an equal 
volume of 95 per cent alcohol, precipitation took place. The precipitate 
was dissolved and reprecipitated tivice more nith 95 per cent alcohol and 
was finally washed ivith 95 per cent alcohol and dried. This product con- 
tained 13.6 per cent nitrogen and 7.65 per cent phosphorus, and had an 
N:P ratio of 1.78. The absorption spectrum showed a powerful absorp- 
tion m'th a maximum at 258 m/i (Fig. 2, Curve I). 

A strong test for ribose was obtained with Bial’s orcinol-HCl reagent. 
The test for the desoxyribonucleic acid nith diphenylamine was only 
slightly positive. This indicated that the nucleic acid was predominantly 
the ribose type. 

Further eiddence for the identity of the isolated nucleic acid with ribo- 
nucleic acid was obtained by comparing the absorption spectra of ribo- 
nucleic acid, desoxyribonucleic acid, and the Clostridium botidinum nucleic 
acid after reaction nith Bial’s orcinol-HCl reagent (Fig. 3). The spectrum 
of Clostridium hoUdinum nucleic acid followed that for ribonucleic acid. 

Isolation and Crystallization of Toxin — By a study of the preliminary 
fractionation procedures, it was possible to den'se a simplified method for 
the isolation of the toxin. The procedure is outlined in the accompanying 
flow diagram. 

VTien the toxin had been sufficiently purified, as shown in the diagram, 
it was readily obtained in the form of fine needle-like crystals. In order 
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to get a ^"ater-clear solution of toxin before crj’stallization it was necessarj' 
to treat the cloud}-, slightly j-ellow solution with 0.5 saturated ammonium 
sulfate. B}- re-solution in phosphate buffer at pH 6.8 and by prolonged 
centrifugation, it was possible to remove all insoluble material from the 
concentrated toxin solution. The crj-stallization was accomplished by 
dialyzing the concentrated toxin solution containing approximately 1 per 
cent protein against a low concentration of (XH0:SOi (0,1 saturated) at 
pH 6.8 and 4°. The salt concentration was gradually increased until the 
solution became opalescent; it varied between 0.1 and 0.3 saturation, 
depending on the concentration of toxin. If precipitation occurred too 



Fig. 3. .Absorption spectra of the color obtained after reaction of Bial’s orcinol 
reagent with,Cur\-c I,j-east ribonucleic acid; Curve II, Clostridium boliilinum nucleic 
acid; and Curve III, thj-mus desoxj'ribonuclcic acid. 

rapidly, there resulted either minute crj-stals, an amorphous precipitate, 
or a mixture of both. 

The crystalline toxin had the following properties: (a) The crj-stals were 
uniform in size and shape, and free of amorphous material when viewed 
under the microscope (Fig. 4); (5) the to.xin was reerj-staUized from phos- 
phate buffer, pH 6.8, on dialysis in 0.3 saturated (XHiI^SO* at 4°; (c) the 
solution of twice crj-stallized material had a higher toxicity (220 X 10’ 
m.l.d. per mg. of N) than any previously obtained; (d) the toxin was floc- 
culated by antitoxin with a ratio of 110,000 m.l.d. per Lf, which is slightly 
higher than the value of 80,000 m.l,d. per Lf found for crude toxin; (c) 
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Isolation of Toxin 

Starling Material — 192 liters crude toxin (whole culture) 1 X 10' m.l.d. per ml.; 
pptd. with acid at pH 3.5; acid ppt. washed 3 times with HjO by settling and decan- 
tation; acid ppt. in 3 liters adjusted to pH 6.8 with 20% K 2 HPO 4 and 5 N NaOH; 
saturated NaiSOj solution added to 0.4 saturation; supernatant decanted and dis- 
carded. 

Add water to 5 liters volume; adjust to pH 
5.0; let stand 24 hrs.; decant supernatant 


\ 

1 

Residue I 

Add 1% phosphate buffer, pH 6.8, 
to 5 liters volume; adjust to pH 

6.8; mix well; adjust to pH 5.0; 
allow to stand; decant supernatant 

1 

1 

Supernatant I 

5 liters volume; jn.l.d., 20 X 10' per 
ml.; 52% recovery 

[ 

Residue II 

Treat same as Residue I 

( 

i 

Supernatant II 

5 liters volume; m.l.d., 5 X 10' per ml.; 
13% recovery 

Residue III 

Discard 

1 

Supernatant III 

5 liters volume; m.l.d., 1 X 10' per ml.; 
2.6% recovery 

Pool Supernatants I, II, and III; adjust to pH 3.5; ppt. forms; centrifuge 

1 


Supernatant Ppt. 

Discard Dissolve in 1500 ml. 1% phosphate buf- 

fer, pH 6.8; dialyze against NajSOi to 
0.4 saturation; ppt. forms; centrifuge 


Supernatant Ppt. 

Discard Dissolve in 500 ml. 1% phosphate buffer, 

pH 6.8; adjust to pH 4.7; centrifuge 


! 

Residue 

Discard 

i 

.Supernatant 

Dialyze against Na.SOi to 0.3 saturation; 
ppt. forms; centrifuge 

1 

r 

■ 1 

Supernatant 

Ppt. 

Discard 

Praclion 3U3-A-1, dissolve in 130 ml. 1% 
phosphate buffer, pH 6.8; cloudy, 
slightly yellow solution; m.l.d. 500 X 
10' per ml.; 34% recovery; total N, 
2.25 mg. per ml.; m.l.d. per mg. N, 
220 X 10' 
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it was electrophoretically homogeneous (Fig. 5) with a mobilitj' correspond- 
ing to that of other preparations of the toxin; (/) the ultraxnolet absorption 
curx’e of tnnce crystallized toxin (Fig. 6) showed a single sharp maximum 
at 278 m/i. 

Influence of pH on Elcclrophorelic Mobility — ^The influence of pH on the 
electrophoretic mobility of Closlridium bolulinum toxin has been investi- 



Fio. 4. Photomicrograph of crj'stals of the toxin produced by Clostridium bntu 
linum type A (first crystallization; 450 X). 



A D 5> 


I’lG. 5. Electrophoretic pattern of crystalline Clostridium botulinum toxin type A 
in acetate buffer of 0.06 ionic strength at pH 4.12 after 6630 seconds at 5.24 volts per 
cm. 

gated over a nide range of pH values. The results are given in Fig. 7. 
Precise determination of the isoelectric point was extremely difficult, owing 
to the very low solubility of the toxin in the neighborhood of the isoelectric 
point at 1.0°. The protein concentrations ranged from about 0.1 per cent 
or less (near the isoelectric point) to 0.5 per cent, except for one run at 
pH 4.47 made nith 1 per cent protein. The following uni-univalent 
buffers were used (IS): 0.10 p HCl-glj'cine at pH 3.2; 0.06 p sodium acetate- 
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acetic acid from pH 4.0 to 5.5; 0.10 y. sodium cacodjdate-cacod 3 dic acid 
from pH 6.0 to 7.0; and 0.06 fi cacod 3 date buffer at pH 7.02. The mobility 



Fic. 0. Ultraviolet absorption spectrum of crystalline Clostridium botulinuin 
typo A tosin. Concentration, 0.19G mg. per ml. 



Fio. 7. Mobility of Clostridium botulinum type A toxin 

determinations were made on olectrophoroticalh’ homogencou.s or nearb' 
homogeneous samples from three different preparations of toxin, ivitli the 
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exception of two determinations made on a 68 per cent homogeneous prepa- 
ration. iMeasurements of pH were made at room temperature ■nith a 
Beckman glass electrode and pH meter, calibrated with 0.05 jr potassium 
acid phthalate at pH 4.00. The correction of the pH values of the buffers 
to 1.0° was assumed to be negligible. !\fobilities were determined from the 
rate of movement of the ma.-dmum ordinate, which in the case of the purified 
toxin preparations involved negligible error, because the refractive 
gradient curves were quite sj-mmetrical (18). 

The isoelectric point is estimated from our data to be at pH 5.6, with 
(du/dpH)° = 1.9 near the isoelectric point (19). 

The properties of the purified toxin are listed in Table II. 


T.^bu: II 

Properties* of Purified Toxin 


Activit 3 - 

Toxicity per mg. nitrogen 

220 X 10* mouse mJ.d. 


Mg. nitrogen per Lf unit 

0.00048 

Chemical and 

Nitrogenf 

14.1% 

physical 

Phosphorust 

0.1% 

properties 

Carbohydratef 

Trace 


Biuret test} i 

Positive 


Heat coagulabilityt ] 



Isoelectric point 

pH 5.60 


Absorption maximum extinction 

Insoluble in distilled water 

Soluble in 0.9% KaCI at pH 5.6 j 

Pptd. bj' 0.4 saturated Na-SOj 
“ 0.5 “ (NH.lzSO, 

278 jn/i 

0.1%; B = 1.67 at 278 nm 


* Determined on twice crj'stallized toxin unless otherwise indicated. 

t Determined on a lyophilized sample of 90 per cent electrophoretically homo- 
geneous toxin. 

t Determined on toxin crystallized once. 

DISCUSSION' 

One of the difficult problems in the isolation of a bacterial toxin is that 
of handling large volumes of fluid and recovering small amounts of active 
material. This problem was present in the purification of Clostridium 
holulinum toxin, since each liter of xvhole culture contained only about 
20 mg. of toxin. By utilizing the acid precipitation technique at pH 3.5 
It was possible to recover a portion of the to.xin in a greatlj' purified state 
in a reduced volume. The data in Table I show that a 20-fold increase in 
purity of the toxin was attained by this one step, although only about 7 
per cent of the toxin was recox'ered. Later work in which the toxin was 
extracted promptly from the acid precipitate showed recoveries approach- 
ing 70 per cent of the original toxicity of the whole culture. 
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The preliminary fractionation experiments Avith alcohol and NajSO< 
yielded information as to the nature of the impurities in the crude toxin 
(Table I). By means of 20 per cent alcohol it was possible to separate a 
highly active, low phosphorus-containing fraction (N;P = 13.2) from 
fractions containing more phosphorus (N:P = 5.05 and 2.08) and ivith 
much lower activity, thus shoeing phosphorus-containing impurities to 
be present. Much of this phosphorus-containing impurity was nucleic 
acid, since actual isolation from the culture fluid, ultraviolet absorption, 
and electrophoretic patterns showed it to be present in the crude to.xin, 
whereas purified preparations showed no evidence of it. The ultraviolet 
absorption studies (Fig. 2) showed the transformation from nucleoprotein 
absorption (250 to 280 m/i) of the crude toxin to protein absorption alone 
at about 280 m^t, as the purification proceeded. 

The presence also of a non-nucleic acid, phosphorus-containing impurity 
was indicated by an examination of the data on Fractions II and II-S-2. 
Although fractionation of Fraction II rvith Na 2 S 04 to give Fraction II-S-2 
caused practically no change in the N : P ratio, the electrophoretic patterns 
showed a complete disappearance of the nucleic acid component (Fig. 1), 
and ultraviolet absorption data showed a sharp decrease in nucleic acid 
absorption (Fig. 2, Curves II and III). 

The fractionation procedures which are described in the early parts of 
the e.xperimental sections, and which were followed closely by ultraviolet 
absorption, electrophoresis, and toxicity, are presented to show how the 
conditions necessaiy for the best method of purification were developed. 
The effects of repeated fractionation uith alcohol were not studied further. 
The selection of NajSOj and (NIl 4 ) 2 S 04 as fractionating agents does not 
imply that alcohol would not work just as well. 

Maximum toxicity per mg. of nitrogen, electrophoretic homogeneity, 
and a single ultraviolet absorption band at 278 m^i have been used as 
criteria for following the various purification procedures. One fraction 
which fulfilled the latter two criteria had a toxicity of only 60 X 10® mouse 
m.l.d. per mg. of nitrogen, which was much lower than the maximum value 
of 220 X 10® mouse m.l.d. per mg. of nitrogen. On examination of the 
flocculating power of this toxin with antitoxin, it was found that 30,000 
mouse m.l.d. constituted 1 Lf unit of toxin, as compared with 80,000 m.l.d. 
per Lf unit which was obtained with fresh to.xin. One explanation of the 
reduction in to.xicity of this fraction is a possible spontaneous conversion 
of toxin to toxoid. The validity of this explanation depends upon the 
assumption (1) that the flocculating power of a toxin is not affected by 
this conveision process, (2) that the proportion of toxin to toxoid in crude 
toxin is fairly constant from one preparation to another, and (3) that toxoid 
has the same electrokinetic properties as to.xin. In regard to the fii-st two 
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assumptions, no evidence iias been found to invalidate them. As to the 
third assumption, nothing is knomi regarding the properties of the spon- 
taneously formed toxoid. 

The final method of isolation of the toxin shomi in the flow diagram was 
found to g?ve a 34 per cent recovery of toxin. This procedure is a refine- 
ment and combination of procedures developed in the preliminary phase 
of this work. It was found to be very’ important to carrj' out the Na-S04 

T-cble III 


Comparison of Some Properties of Biologicallu Active Bacterial Proteins 





1 



Iso- 


Toxin 

Activity pier 

Activity per 1-f 1 

K 

5 

elec- 

tric 

Biuret test 







point 






per 

cent 

p^r eeitl 



Diphtheria (4) 

10,000 guinea 


foBill 

16 


4-1 i 

Positive 


pig m.l.d. 




1 



" (3) 

10,000 guinea 

20to35m.l.d. 

lijKill 

16 

Xega - 1 


(< 


pig m.l.d. 




live 1 



Scarlet fever (7) 

150 million skin 


1 

15.2 

0.71 


I 


test doses (2)* 



1 



i 

" " (6) 

18 million skin 


0.23 

14.0 



1 << 


test doses 

test doses 


1 




Streptolysin (5) 

3,000 hemolytic 



16.8 

2.34 


1 ■' 


units {2)t 






1 

1 

Tetanus (8) 

6.4 nullioii 


ItaB? 






mouse m.l.d. 







Clostridium lot- 

30 million mouse 


0.48 

14.1 


5.6 

Positive 

ulinum 

m.l.d. 







The numbers in parentheses are bibliographic references. 

, * The smallest amount of toxin that will, on the average, produce an erythematous 
reaction, 1 cm. in diameter, in the skin of a susceptible person in 24 hours. 

t ^e amount of hemolysin which liberates 3.75 mg. of hemoglobin from a sus- 
pension of rabbit red cells containing exactly 7.5 mg. of hemoglobin, when 1.0 ml- 
of hemolysin solution at pH 6.5 is added to 1 ml. of red cell suspension and incubated 
for 30 minutes. 


fractionation at pH G.8. In this way a more complete separation of to.xin 
tmd nucleic acid-like substances was obtained. The colored impurities 
nere best removed by precipitation at pH 4.7 to 5.0. By a repetition of 
these procedures at increasingly greater concentrations of toxin it has been 
possible to effect a remarkable degree of purification. 

The criteria which showed that the toxin is a single substance are (I) 
constancy of activity through two successive crystallizations at 220 million 
mouse m.l.d. per mg. of nitrogen and (2) electrophoretic homogeneity in 
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the range tested from pH 3.2 through 7.0. That the toxin is a protein 
has been demonstrated by the properties listed in Table II. 

The activity of Clostridium holulinum toxin places it among the group 
of highly active bacterial proteins (Table III). A recent preliminary 
report (8) places tetanus toxin in the same group. Scarlet fever toxin 
isolated electrophoretically is reported to be about 5 times as active as 
Clostridium holulinum toxin; however, its activity ivas measured by skin 
reactivity rather than by lethal power. 

Since Clostridium botulinum type A toxin can now be prepared in pure 
form, the reaction of the toxin nith formaldehyde, to produce toxoid, should 
be studied further. A toxoid produced in this manner would be pure 
enough for detailed study of its structure and composition. In addition 
such a toxoid should be free of bacterial protein. Preliminary work’ has 
shown that toxoid produced from purified toxin is highly antigenic in mice. 

SUMMARY 

A protein has been isolated from the Clostridium botulinum type A cul- 
tures and has been found to have the biological and immunological proper- 
ties of the toxin. It behaves like a globulin ivith an isoelectric point of pH 
5.6 and a total nitrogen of 14.1 per cent. It crystallized readily in 0.10 
to 0.30 saturated (NH 4 )jS 04 at 4*’, forming small needle-like crystals. 
Twice crystallized toxin contained 220 X 10’ mouse m.l.d. per mg. of 
nitrogen. 

The authors are greatly indebted to Dr. Norman Weissman, through 
whose cooperation the chemical analyses were made possible, and to Dr. 
Deimis W. Watson for many valuable suggestions, 
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PRELIMINARY STUDIES ON THE PRODUCTION OF 
a-KETOGLUTARIC ACID BY PSEUTDOIMOXAS 
FLUORESCENS 

Bt lewis B. LOCKWOOD and FRANK H. STODOLA 

{From the Fermentation Dieiston, Northern Regional Research Laboratory,* 
Peoria, Illinois) 

(Received for publication, March 29, 1916) 

Studies in this Bureau (1) and elsewhere (2) have demonstrated that some 
species of Pseudomonas are capable of oxidizing glucose in good 3 'ield to 
2-ketogluconic acid. It was of interest to us, in oim search for fermentation 
products of industrial value, to investigate the compounds formed when 
Pseudomonas fermentations are allowed to proceed to a point where the 
2-ketogluconic acid is completelj' metabolized. Such a fermentation in 
rotating" dnuns with Pseudomonas fluorescens (Northern Regional Re- 
search Laboratory No. B-6) gave us a considerable amount of a crystalline 
calcium salt difficultly soluble in water. The elementary analj'sis 
(CsHiOiCa) and the melting point of the 2,4-dinitrophenj-lhj'drazone 
(226°) suggested that the compoimd was calcium a-ketoglutarate. This 
was confirmed by conversion of the salt to an acid shown to be identical 
with synthetic 2-ketogtutaric acid. 

It has been possible consistently to obtain yields of 16 to 17 gm. of 
a-ketoglutaric acid from 1(K) gm. of glucose. Although much has been 
written (3) on the role of a-ketoglutaric acid in the breakdown of carbohy'- 
drates, we believe this to be the first time that this acid has been reported 
as one of the main products of a carbohydrate metabolism. We hope to 
throw some light on the mechanism of the formation of the a-ketoglutaric 
acid by’ an investigation of the other acids produced in the fermentation. 
We are now studying the factors which influence the yield of a-ketoglutaric 
acid and are surveying other species of Pseudomonas for their ability to 
produce this substance. 


EXPERIMENT.41, 

Fermentation Studies — The fermentation was carried out in a rotary 
aluminum fermenter of the type preriously’ used for the production of the 
ketogluconic acids (4). The inoculum was prepared by growing Pseudo- 
monas Jluorcscens (Northern Regional Research Laboratory No. B-6) 
on a medium of the following composition: glucose 50 gm., peptone 5 gm.^ 

^One of the laboratories of the Bureau of Agricultural and Industrial Chemistry, 
Agricultural Research -Administration, United States Department of Agriculture. 
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dry yeast extract 5 gm., urea 2 gm., calcium carbonate 10 gm., lard oil 
1.5 gm., and distilled water 1 liter. The culture was incubated at 30° 
with aeration through aloxite stones at a rate of 1 ml. of air per 1 ml. of 
culture solution per minute. After 48 hours, a 100 ml. portion was used 
to inoculate a drum containing 3 liters of culture solution of the following 
composition: glucose 289 gm., KH 2 PO 4 1.8 gm., MgS 04 . 7 H 20 0.75 gm., 
urea 6 gm., CaCos 81 gm., corn steep liquor 15 ml., lard oil 5 ml., and 
distilled water 3 liters. 

During the entire fermentation in the drum the temperature was main- 
tained at 25°, the rotation rate at 12 r.p.m., and the pressure at 30 pounds 
per sq. in. The rate of air flow was held at 1200 ml. per minute until all 
the glucose was converted into 2'ketogluconic acid, as shown by the 
analytical method developed by Stubbs e( al. (4). This phase of the 
fermentation required 48 hours. At this point the air flow w’as reduced to 
600 ml. per minute, and the fermentation eontinued until the culture liquor 
showed no more reducing pow'er. 64 hours were required for this second 
phase. 

A portion (100 ml.) of the culture liquor was then filtered through an 
asbestos pad. Concentration of the filtrate tn vactio gave 3.27 gm. of 
crude calcium salts. The amount of a-ketoglutaric acid in this mixture 
was estimated from the weight of 2,4-dinitrophenylhydrazone produced 
(5). The folloM’ing conditions were found to give values of 96.2, 97.8, 
and 95.0 per cent of the theoretical when applied to pure calcium’ a-keto- 
glutarate. To 50 mg. of the calcium salt were added 2.5 ml. of 2 N HCl 
in which 60 mg. of 2,4-dinitrophenylhydrazone had been dissolved on the 
steam bath. After 1 hour at room temperature, the reaction mixture was 
filtered through a Gooch Crucible with 3 ml. of 2 n HCl and 3 ml. of water 
for transferring and washing the yellow precipitate. The crucible was 
dried at 1 10° for 1 hour and the amount of a-ketoglutaric acid was calculated 
from the weight of the h^'^drazone. 

With tliis method of analysis, the 3.27 gm. of calcium salt were found 
to correspond to 1.62 gm. of a-ketoglutaric acid, which is a weight yield of 
16.8 per cent of the free acid, based on the 9.64 gm. of glucose supplied. 
Since 1.62 gm. of a-ketoglutaric acid are equivalent to 2.04 gm. of calcium 
a-ketoglutarate, this salt represents 62.4 per cent of the total calcium 
salt produced in the fermentation. 

A duplicate fermentation resulted in a weight yield of 16.0 per cent 
a-ketoglutaric acid. This corresponds to a theoretical jdeld of 19.7 per 
cent if a mole of glucose can result in a mole of the acid. If, on the other 
hand, the a-kctoglutaric acid is formed through the condensation of 
pjTUvic and oxalacetic acids, the 3 ueld is 39.4 per cent of the theoretical. 

Preliminarj' studies have shown that rates of air flow of 400 and 800 ml. 
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per minute during the second phase of the fermentation reduce the jneld 
of a-ketoglutaric acid to about one-half that found at 600 ml. per minute. 
It has also been possible to demonstrate by means of ether extraction that 
no a-ketoglutaric acid is formed when the fermentation is carried only to 
the point of maximum production of 2-ketogluconic acid. 

Identification of a-Ketogluiaric Acid — Culture liquor obtained as de- 
scribed at the beginning of the preceding section was filtered after treat- 
ment with decolorizmg carbon and Celite. After standing overnight, the 
filtrate deposited fine needles which were filtered off. Recrystalh'Eition of 
2.0 gm. of these fine needles from 50 per cent alcohol gave 1.30 gm. of 
colorless needles which were dried in vacuo at 100° for analj'sis, 

Aualj-Bis— CiH.OiCa(lSll. Calculated. C 32.59, H 2.19, Ca 21.75 
Found. " 32.S, " 2.43, " 21.6 

The calcium salt yielded a 2,4-dinitrophenylhydrazone, melting at 226-227° 
(decomposition). 

The calcium salt (184 mg.; 1 nm) was warmed at 60° in 25 ml. of water 
containing 126 mg. (1 m.M) of oxalic acid dihydrate. Centrifugation and 
lyophilization gave 137 mg. of free acid, which melted at 115-116° after 
crystallization from ethyl acetate-petroleum ether. This compound was 
shotrn by mixed melting point test and x-ray diffraction patterns to be 
identical uith pure synthetic a-ketoglutaric acid (m.p. 115-116°). The 
melting point of the 2,4-dmitrophenylhydrazone of the synthetic acid 
(227-228°) was not depressed by admixture with the derivative of the 
natural acid. 


SUIBIAKY 

A strain of Pseudomonas fiuorescens has been found capable of pro- 
ducing 16 to 17 gm. of a-ketoglutaric acid for each 100 gm. of glucose 
supplied in a rotary fermenter. 
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The fact that the tvidely distributed natural product, meso-inositol, 
is isomeric trith the common hexoses has provoked many attempts to 
demonstrate the glucogenic nature of inositol in animals. The results 
of earlj" investigators indicate that when inositol is injected in large doses 
into animals a maxunum of about 50 per cent is excreted unchanged (1). 
Attempts to relate the fate of the remainder of the inositol to the carbo- 
hydrate of the bodj' have been numerous and inconclusive. After admin- 
istration of inositol to diabetic or phlorhizinized animals no increase in 
sugar excretion could be shown by Kulz (2), while Greenwald and Weiss 
found a slight increase in the G :N ratio (3). The search for newly formed 
glycogen in the livers of pre\dously fasted animals given inositol produced 
negative results in all cases (2, 4, 5). Anderson (6) found no increase in 
the respiratory quotient after inositol administration. The results of 
Oppenheimer (7), Embden and Griesbach (8), and Griesbach and Oppen- 
heimer (9) indicate that, unlike glucose, inositol does not bring about lactic 
acid formation when perfused through surviving livers. On the other 
hand, Starkenstein (10) showed an increase in lactic acid simultaneous 
with inositol disappearance in muscle and liver mince, and Mayer (11) 
isolated lactic acid from the urine of rabbits given inositol subcutaneously. 
In srunmarizing these various results Needham (1) Ends no proof of the 
conversion of inositol into glucose in animals. 

The recent elucidation of the configuration of weso-inositol, which 
disclosed the possibility that cleavage between a specific pair of carbon 
atoms would give rise to a molecule of the configuration of d-glucose (12), 
has stimulated a reinvestigation of this problem by more sensitive tech- 
niques. 

Only if relatively massive amounts of a test substance are rapidly con- 
verted into glucose in the animal body will this conversion significantly 
influence the quantity of glucose in the urine of a diabetic animal or the 
quantity of glycogen in the liver of a previously fasted animal. If, however, 
the test substance could be stably labeled with isotope, its conversion to 
glucose even in small amounts might be detectable by the appearance of 

• This work was carried out with the aid of grants from the Josiah Macy, Jr., 
Foundation, and the Ifutrition Foundation, Inc. 
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isotope in the glucose excreted or the glycogen stored. Our experience 
with deuterio-glucose and deuterio-glycogen is in accord with the idea 
that the hydrogen atoms bound to carbon in these molecules are both chem- 
ically and biologically stable (13). It was therefore determined to prepare 
a sample of meso-inositol in which the carbon-bound hydrogens were labeled 
with deuterium, to administer this material to suitable e.\perimental animals, 
and to investigate the isotopic composition of the glucose excreted in the 
urine and of the glycogen deposited in the tissues of these animals. 

The preparation of JTzeso-inositol by the catalytic hydrogenation of hexa- 
hydroxybenzene has been reported by Wieland and Wishart (14). The 
unique or preponderant formation of one out of nine possible isomers was 
surprising, but the method seemed ideally suited to the present require- 
ments and was consequently investigated. Noteworthy incongruities 
in the original description are the fact that at one point the catalyst is 
referred to as Pd and at another as Pt and the statement that the Hs 
uptake was greater than that required by theory. We have made several 
attempts to repeat this synthesis, investigating both Pt and Pd catalysts 
at several temperatures and in various solvents, but in no case could a 
pure product identifiable as wcso-inositol be isolated. 

We therefore sought and found conditions under wliich the carbon- 
bound hydrogen atoms of inositol would undergo exchange with deuterium 
of the solvent. After prolonged shaking of weso-inositol in D20 solution 
with Pt catalyst at 130-150°, but little decomposition was found to have 
occurred and there was no evidence of altered configuration. Some but 
not all preparations of Pt catalyzed an exchange of carbon-bound hydrogen. 
In aqueous acetic acid no exchange occurred, and the addition of alkali, 
though increasing the decomposition, did not augment the exchange. Even 
when exchange did occur, it was notably slow. After 1 week to 1 month 
of shaking inositol with Pt catalyst in DjO, deuterium had entered only 
between 4 and 17 per cent of the carbon-bound positions of inositol. 

From such an exchange reaction a sample of inositol was obtained which, 
after exhaustive removal of deuterium from its hydroxyl positions, con- 
tained 1.75 atom per cent of deuterium. This product has been used 
in the animal axperiments to be described. In each case it was admin- 
istered by intraperitoneal injection in view of the described intestinal dis- 
turbance after oral administration of inositol (2, 6). Relatively large 
amounts were given because of the abundant urinary excretion of in- 
jected inositol (5, 10). Two of the test animals were glucosuric rats, one 
rendered so with phlorhizin, the other with alloxan. The third experiment 
involv'ed the study of glycogen isolated from previously fasted rats. 

2 gm. of deuterio-inositol were injected in divided doses over 7J hours 
into a fasted phlorhizinized rat; the urine was collected for 2-1 hours, during 
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which time 2 gm. of glucose were excreted. To minimize dUution of any 
isotope present in this glucose, it was isolated as potassium gluconate; 
this material contained 0.116 atom per cent D. WTiereas it was expected 
that conversion to potassium gluconate would effect satisfactory separation 
of urinary glucose from urinary inositol, the possibility was entertained 
that the isotope apparently present in the gluconate was actually in con- 
taminating inositol. The gluconic acid was therefore converted into its 
benzimidazole derivative (15) which was predicted to contain 0.116 X 
11/16 = O.OSO atom per cent D. The finding of 0.072 atom per cent D 
in this derivative confirms our conclusion that the deuterium was indeed 
present in the urinary- glucose excreted by ihe rat. As tne deuterium 
content of the body fluids was essentiallj' normal, the source of the deuterio- 
glucose must have been the deuterio-inositol that had been injected. 

Fischer has shown the configurational possibility of d-glucose arising 
from meso-inositol by simple ring fission (12). K the deuterio-glucose in 
the present experiment is pictured as having arisen in this waj', the po- 
tassium gluconate derived from such glucose molecules should have con- 
tained 1.75 X 12/6 X 5/11 = 1.59 atom per cent D. As the potassium 
gluconate isolated from the urine contained 0.1 16 atom per cent D, 0.1 16/1.59 
X 100 = 7 per cent of the urinary' glucose may' be accounted for as hai-ing 
arisen from inositol. This is a minimum figure, in that inositol maj' have 
been converted into glucose by' more elaborate procedures involving ttie 
loss of isotope. Since 2 gm. of glucose were excreted during the period of 
study, at least 2 gm. must have been synthesized, or at least 140 mg. of 
glucose were formed from the inositol injected. Of the 2 gm. of inositol 
injected, therefore, a minimum of 7 per cent was utilized for the formation 
of glucose. 

An attempt was made to demonstrate similar formation of glucose from 
inositol in a rat made diabetic with alloxan. Unfortunately the quantity' 
of urinary glucose in the period following the injection of inositol was small, 
necessitating its isolation as the osazone and further dilution of the sample 
pnor to its combustion for D analysis. The probable error of the analysis 
thus became too large to permit the attachment of any significance to the 
analy'tical figure (0.02 atom per cent D). 

In a third experiment inositol was given to six prei'iously fasted rats 
which were killed 3 hours thereafter. In accord with the findings of others 
(2, 4, 5), practically' no glycogen was recovered from the livers. Abundant 
glycogen was found in the muscles, but it proved to contain only' 0.020 
atom per cent D, which is too low a value for interpretation. 

TS e believe our eiidence shows clearly that, at least in the phlorhizinized 
rat, mositol sen-es as a precursor for glucose. "When compared with other 
glucogemc substances it is apparently* not a very' efiBcient precursor, as is 
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indicated by the small quantity of glucose that could be shown to arise 
from the inositol administered. If, after generous administration, only 
some 140 mg. of inositol are each day converted into glucose by the rat, it 
is not surprising that its glucogenic nature should have escaped detection 
by earlier workers. An increment in urinary glucose of this order of mag- 
nitude would, in the conventional type of experiment, be scarcely signi- 
ficant. 


EXPERIMENTAL 

Attempts at Synthesis — number of attempts were made to synthesize 
jweso-inositol from hexahydroxybenzene and related starting materials, ac- 
cording to the conditions of Wieland and Wishart (14) and with variation in 
the temperature, solvent, and catalyst. Triquinone and hexahydroxyben- 
zene were prepared from hydroquinone by a series of reactions described by 
Nietzki and Benckiser (16) and Henle (17). Part of the hexahydroxy- 
benzene ■was purified by repeated recrystallization from concentrated HCl 
containing SnCla, and the remainder was converted to hexahydroxy- 
benzene hexaacetate. The hexaacetate could not be reduced at atmos- 
pheric pressure in the presence of platinum catalyst (Baker) either at 
room temperature or at 100° Avith acetic anhydride, acetic acid, or dioxane 
as solvent. Reduction of hexahydroxybenzene itself or of triquinone w'ith 
platinum or palladium catalyst in water at various temperatures between 
25° and 100° resulted in hydrogen uptake, often more than required by . 
theory for inositol formation, but no pure product identifiable as meso- 
inositol could be isolated. 

Preparation of Deuterio-Inositol by Exchange with Heavy Water — ^A number 
of attempts were made to introduce deuterium into carbon-bound positions 
in inositol by exchange reactions. Carefully purified Tneso-inositol was 
sealed into bulbs in tlie presence of platinum catalyst in neutral, acid, or 
alkaline D^O, and the bulbs were shaken 1 to 4 Aveeks at 130-150°. meso- 
Inositol isolated from the solution aa-rs analyzed for deuterium. In three 
out of a total of tAvelve trials, carbon-bound deuterium Avas introduced. 
In all trials in Avhich the platinum oxide catalj^t Avas reduced by bubbling 
Hi through the mixture of inositol, catalyst, and soh’-ent, no exchange oc- 
curred. Better results AA’ere obtained AA’hen the catalyst Avas previously 
completely reduced bj’- shaking in AA-ater under an atmosphere of Hi and then 
transferred to the exchange bulb containing the inositol. This has been 
taken to mean that complete reduction of the catal 3 'st is essential. In 
such trials no exchange aa’bs found to haA'e taken place Avith 50 per cent acetic 
acid as solvent, Avhcreas it did occur Avith distilled Avater or 0.1 n XaOH. 
In the best tAvo trial runs in Avliich Ioav concentrations of DiO Avcre em- 
plo 3 ’ed, 17.0 per cent of the C-bound h 3 'drogen atoms Avas exchanged in 



M. H. STETTEN* AND D. STETTEN, JE. 


89 


water and 17.4 per cent was exchanged in dilute alkali in 1 week. When 
water was used as solvent, mcso-inositol was recovered in good yields and 
only slight decomposition was noted, whereas in dilute alkah considerable 
decomposition took place and less wicso-inositol could be recovered. One 
attempt was made to introduce deuterium by irradiating a solution of 
inositol in D.O with x-raj^s. When 1 gm. of inositol in 20 cc. of DiO was 
irradiated with about 4000 Roentgen units per minute for 1 hour, no stable 
D was introduced.' 

The sample of deuterio-inositol used for the biological ecperiments was 
prepared by exchange in 99 atom per cent D;0. 8 gm. of inositol, sealed 
in a bulb with 25 gm. of D-O and 1.6 gm. of Pt catalyst, were shaken at 
130-150° for 30 days. The solution became light brown in color. The 
recovered solvent was found to contain 89.5 atom per cent DjO. Water 
was repeatedly added to the residue and evaporated away to remove all 
excess D from the hydroxyl positions of the inositol. Inositol was isolated 
by precipitation from water with ethanol and recrystaUized from aqueous 
ethanol. 6.41 gm. of a compound were recovered with properties identical 
with those of the pure Tneso-inositol originally used. 

Calculated, C 40.0, H 6.67; found, C 39.95, H 6.44 

Starting material, m.p. 224-226°; isolated material, m.p. 225-226° 

MLxed m.p. 224-226° 

The inositol contained 1.75 atom per cent of D, all of which must have 
been bound directly to C atoms. The concentration of D in such positions 
Was therefore 1.75 X 12/6 = 3.50 atom per cent D, and consequently, 
3.50/89.5 X 100 = 3.9 per cent of all the carbon-bound hydrogen had 
undergone exchange. 

Inositol Administration to AUoxan-Diabetic Rat — ^An adult white rat 
was made diabetic by the injection of 15 mg. of alloxan monohydrate per 
100 gm. of body weight. It was found to excrete 6 to 9 gm. of glucose per 
day when on a diet of Rockland rat pellets. The rat was fasted for a 9 
hour prdiminary period, after which 2 gm. of deuterio-inositol in 16 cc. of 
sterile water were injected intraperitoneaU}' in four equal portions at 2 hour 
intervals. Drinking water was given ad libitum but no food was allowed; 
the urine was collected for 24 hours after the first injection. Since only 78 
mg. of glucose were present in this urine, isolation as glucosazone was 
resorted to, a procedure that necessarily diluted any deuterium that may 
have been initially present in the glucose, and the 68 mg. of reciystalfized 
osazone obtained had to be diluted further for analysis. The analytical 
value of 0.02 atom per cent D in this sample was too low for interpretation. 

^ * It e wish to thank Dr. T. C. Evans of the Department of Radiology for the ad- 
ministration of the i-rays. 
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Therefore, in the hope of obtaining a larger urinary excretion of glucose, 
a phlorhizinized rat was next investigated. 

Inositol Adminislralion to Phlorhizinized Rat — ^An adult white rat, fasted 
for a preliminary 9 hour period, was made glucosuric by the hypodermic 
injection of a sesame oil emulsion of 0.01 gm. of phlorhizin per 100 gni. of 
body weight. 2 gm. of deuterio-inositol in 16 cc. of water were injected 
intraperitoneally in four doses at intervals of 2^ hours. The urine collected 
for 24 hours after the fii-st inositol injection was found to contain 2.0 gm. 
of glucose. A sample of water distilled from the urine contained 0.004 
atom per cent D. The urinary sugar was oxidized to gluconic acid and 
0.916 gm. of potassium gluconate was isolated. Part of the K gluconate 
was reprecipitated from water with ethanol and was found to contain 
0.116 atom per cent D. The remainder of the K gluconate was converted 
to its benzimidazole derivative (15). The gluco-benzimidazole, after re- 
crystallization from water, contained 0.072 atom per cent D, as compared 
with the value of 0.080 predicted on the basis of the D analysis of the K 
gluconate. 

Inositol Administration to Normal Fozted Rats — ^After six adult rats had 
been fasted for 17 hours, each was injected intraperitoneally with 370 mg. 
of deuterio-inositol in 3 cc. of water. The rats were killed 3 hours later 
by a blow on the head and glycogen isolated from the total combined livers 
and from the carcasses (18). Some unabsorbed fluid was noted in the 
peritoneal cavity. A sample of body water contained 0.014 atom per cent 
D. There was only a trace of gljmogen in the liveis. From the eviscerated 
carcasses 1.13 gm. of glycogen containing 0.020 atom per cent D were ob- 
tained. 


SUMMARY 

weso-Inositol containing an excess of deuterium in its carbon-bound 
positions has been prepared by platinum-catalyzed exchange with DjO 
at elevated temperature. 

The administration of deuterio-inositol to a phlorhizinized rat resulted 
in the appearance of significant concentrations of D in the urinary glucose. 

It is concluded that conversion of Tweso-inositol into glucose takes place 
in the body of the rat. 
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BIOPHYSICAL STUDIES OF BLOOD PLASMA PROTEUS'S 
II. THE PEPSIN DIGESTION AND RECOATERY OF HUMAN t-GLOBULIN* 

By H. F. DEUTSCH, MARY L. PETERMANN, and J. W. WILLIAMS 
(From Ihc Department of Chemistry, Unirersity of Wisconsin, Madison) 

(Received for publication, Februarj' 15, 1946) 

The main plasma proteins may be roughly classified in terms of their 
solubilities, and of their electrophoretic and sedimentation behavior, as 
albumin, the various globulins, and fibrinogen. Making use of the knowl- 
edge gained from the isoelectric and neutral salt precipitation methods 
for which their Laboratory is weU known, Cohn ei al. (1) have developed 
further the low temperature alcohol precipitation methods of Mellanby 
(2), of Hardy and Gardiner (3), and of subsequent investigators to separate 
the plasma proteins into these components. The process developed by 
Cohn and his coworkers according to which human plasma has been 
treated during the war years separates the plasma proteins into four 
initial fractions (4). They are as follows: Fraction I, fibrinogen; Fraction 
II + III, ;8- and y-globulins; Fraction IV, a-globulins; and Fraction V, 
albumin. 

Of these, the fraction called Fraction II -p III contains the immxme 
globulins, prothrombin, and the isohemagglutinins. This fraction has 
been subdivided in the interest of further separation and concentration 
of components possessing specific physiological actimties. Methods have 
been developed by Cohn and his associates to promde for the concentration 
of prothrombin in what they have designated as Fraction III-2, the iso- 
hemagglutinins in a Fraction III-l, and the immune globulins in Fraction 
II. By their Method 3, roughly one-half of the y-globuh’n is removed in 
highly purified form as Fraction II. On the other hand. Fractions III-l 
and III-2 are far from homogeneous when studied by electrophoresis. 
Enders (5) reports that the greater part of the antibodies not. accounted 
for in Fraction II is contained in Fraction III-l. The available evidence 
indicates that many of the antibodies are y-globuh'ns; this finding is not 
unexpected when it is realized that Fraction III-l, when prepared by 
Method 3, contains about 27 per cent of y-globulin as revealed by 
electrophoresis. 

* This work has been carried out under a contract, recommended by the Commit- 
tee on Medical Research, between the Office of Scientific Research and Development 
and the University of Wisconsin. A portion of the subject matter of this report has 
been used in Invention Disclosure 2614 of the Office of Scientific Research and Devel- 
opment (1945). 
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Since the recovery of as much y-globulin as possible is desirable, one 
may seek either ( 1 ) to extract additional 7 -globulin from the Fraction 
III-l residues, or ( 2 ) to improve the theory and practice of the separation 
of Fraction II III so that the yields of 7 -globulin in Fraction III-l will 
decrease and correspondingly increase in Fraction II. 

Of these alternatives the second one is more important by far, because 
one can always succeed with the first when the principles involved in the 
separation of /3- from 7 -globulins are understood. Substantial progress 
with each problem has been made in this Laboratory. 

Actually, two distinct methods for the extraction of 7 -globulin from 
pastes containing /3-globulin as Avell have been developed. Although 
the material aAmilable for this developmental work was often the Fraction 
III-l as obtained by hlethod 3C (4), it is emphasized that these methods 
are by no means restricted to treatment of this particular fraction for the 
recovery of 7 -globulin. Thus, these pastes may be the initial Fraction 
II -}- III or other subfractions corresponding to the Fraction III-l of 
Method 3C from Avhich some of the original 7 -globulm has been removed. 
One of the methods, to be decribed in this report, makes use of a pepsin 
digestion step in a system of ionic strength 0.025 to 0.030. The second 
procedure is to be considered in another place. 

Peptic Digestion of Human y-Globulin 

A study of the conditions for the peptic hydrolysis of human 7-globulin 
to yield immunologically active fragments has been carried out by Bridg- 
maq (6). This Avork has been preceded by similar studies AAdth diphtheria 
antitoxin (7), Avith horse antipneumococcus antibody (8), and A\'ith bovine 
serum globulin (9). It has been customary in this Laboratory to analyze 
such globulin digests in terms of the relative amounts of globulin of un- 
changed sedimentation constant and of apparent halves and quarters of 
the normal globulin molecule, together Avith dialyzable material. Bridg- 
man (6) has discussed the manner of cleaAmge bj'^ pepsin of the human 
7-globulin molecules, and Pappenheimer and Petermann (7-9) also have 
considered animal globulin systems from this point of AueAv. To gam 
information on this point the globulin digest systems AA'ere studied in the 
SA’^edberg oil turbine, liigh A^elocity ultracentrifuge and their molecular 
mass spectra Avere determined by analysis of line displacement-distance 
diagrams. Sedimentation constants AA’ere calculated in the usual AA'ay. 
Normal human 7-globulin has a sedimentation constant, sm, of about 7 
Svedberg units. The so called half molecules haA’-e sjo S 6 Svedberg 
units and the corresponding quarter molecules S 20 = 4 Svedberg units. 
For conA-enience the components of a digest are referred to as s’’, globulm 
of normal size; s', globulin of apparent half size; and s*, globulin of apparent 
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quarter size. Protein fragments small enough to pass through Asking tub- 
ing are too small for satisfactorj- ultracentrifuge analj'sis, and, accordingly, 
no attempt has been made to study their size distributions. In adapting 
the method to large scale operations, it lias been necessar}' to deidse chemi- 
cal measures of the extent of digestion, to consider the removal of piepsin 
from the digest sj-stems, and to make immunological assa}^ of the product. 

IITien the serum globulins are cleaved b 3 ' pepsin at hj-drogen ion con- 
centrations well removed from the pepsin optimum, at anj- one pH the 
sj'stem reaches an apparent equilibrium, the relative amoimts of the normal, 
half, and quarter molecules and of smaller fragments being characteristic 
of the particular globulin used, and of the particular pH. Thus, at pH 
4.4 and 0°, increasing amounts of diah'zable fragments are formed from 
human i-globulin (6), but the remaining protein does not contain anj' 
appreciable proportion of half molecules. At pH 3.5 and 0° from 60 to 
70 i>er cent of the non-diaij’zable protein is left as half molecules. For 
other globulins, such as horse diphtheria antitoxin and beef serum globulins, 
the maximum jdeld of half molecules is obtained at pH 4.0 (7). Horse 
antipneumococcus globulin can be split into halves at pH 4.5 (8). Temper- 
ature and pH are interdependent in some respects. 

Thus the proportion of half molecules present in a new serum globulin 
digest cannot be ascertained from the amount of small fragments formed. 
However, once the ratio of half molecules to small fragments has been 
determined for anj’ species of globulin digested at a given pH and tempera- 
ture, it should be possible to set up a relationship between pH and extent 
of formation of half molecules. 

Determination of the per cent decrease in the nitrogen in solution after 
dialj-sis is satisfactoiy' in the analysis of completed digests. For the 
control of a digestion in progress, some more rapid method is needed. 
It has been shown bj’- Haugaard and Roberts (10) that the proportion of 
a protein digest soluble in 10 per cent trichloroacetic acid corresponds to 
the amoxmt which ndll pass through 'I’isking casing. The increase in 
material soluble in 10 per cent trichloroacetic was therefore set up as a 
enterion of the extent of digestion. Again, some procedure quicker than 
a nitrogen analj'sis was sought. Since the colorimetric determination of 
“tjTosine” (substances which reduce the Folin-Ciocalteu reagent) may 
be used as a method of pepsin assaj- (11), this method was adapted to the 
measurement of the tjTosine soluble in 10 per cent trichloroacetic acid. 
The procedure does not involve any further digestion, and can be carried 
through in a very short time. 

^ The digestion procedure for human 7 -gIobulin emploj'ed was substan- 
tiallj- that developed bj' Bridgman (6), with modifications described 
below. All operations were conducted at 0-2'’ unless otherwise specified. 
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The Fraction II globulins used in this work were contained in 20 per cent 
solution. For the digestion, an equal volume of water was added to the 
protein. Then 0.05 n HCl was added from a capillary-tipped siphon, 
with mechanical stirring, until the pH of the solution was about 3.8. With 
the larger digests, stirring was continued for at least an hour to permit 
the removal of any carbon dioxide formed by acidification of bicarbonate. 
Pepsin was then added, 0.10 unit of crystalline pepsin per gm. of protein, 
previously diluted to about 0.3 unit per ml. As soon as the pepsin had 
been thoroughly mixed with the globulin, 1 ml. of the mixture was taken 
for determination of non-protein nitrogen and tyrosine. The addition 
of HCl was then continued until pH 3.7 to 3.6 was attained. The measure- 
ment of pH is carried out at 25°. 

At least once a day the pH of the digest was measured, and, whenever 
necessaiy, more acid was added to restore the pH to 3.6. The course of 
the digestion was followed by daily non-protein tyrosine determinations 
and had usually progressed far enough in about 65 hours. At this point, 
the concentration of y-globulin was 4.5 to 5.0 per cent. A final sample 
was taken and the amount of non-protein nitrogen and tyrosine per ml. 
was determined. The digest was then neutralized with 0.05 N NaOH to 
pH 5.0. Some turbidity, presumably due to the small amount of )9- 
globulin present, appeared. Enough Super-Cel to give a 0.5 per cent 
suspension was added, and the mixture was stirred for 2 hours. It has 
been found that Super-Cel, used under these conditions, is one of several 
adsorbents which are effective in removing all but very small traces of 
the enzyme. 

Sufficient 50 per cent (by volume) ethanol was then added to bring the 
alcohol concentration to 8 per cent. The alcohol was cooled to just 
above its freezing point in a dry ice-alcohol bath, and was added slowly 
with vigorous stirring. The temperature of the digest was kept at just 
above its freezing point. The precipitate was centrifuged off at —2°, and 
the digest mixture brought to pH 6.0 by the addition of m NaHCOs. 95 
per cent ethanol, cooled to — 18°, was then added slowly ivith stirring, until 
the alcohol concentration reached 40 per cent. The solution was kept 
at —5° to —7° throughout the addition. The globulin precipitate was 
removed by centrifugation at —5°, suspended in ice water, shell-frozen, 
and dried in vacuo. 

The results of some typical pepsin digestion experiments with Fraction II 
preparations are shown in Table I. In E.\pen'ments 35-1 and 29-2 an 
insufficient amount of pepsin preparation was used and little digestion was 
obtained. For molecular mass spectrum analysis, the final powder was 
dissolved in 0.15 m NaCl in about 1.8 per cent solution, and studied in the 
ultracentrifuge. Line displacement-distance in cell diagrams obtained 
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after about 120 minutes at 60,000 b.pjj. was resolved by the usual 
procedure. Some typical diagrams are shown in Fig. 1. The sedimenta- 
tion diagram for Experiment 35-1 (see Fig. 1, A) is that of unchanged 
globulin. It is included as a control e.xperiment, to show that the acid 
alone causes no permanent change in the sedimentation characteristics 
of the globulin. .\n e3rl3' stage in the cnzi-matic cleavage (Experiment 
29-2) is shomi in Fig. 1, B. These experiments demonstrated the need 
for precise control of the proce.ss. 


Table I 


Typical Pepsin Digestion Experiments with Human y-Globulin Preparations 


Experiment 

Xo. 

Globulin 

Tepsin 

Time 

Ko3- 

pratein X 

j Tyrosine 

j Sedimentation, per cent protein 


S* 



rw. 

nfsil per pm. 

! 

hrs. 

ter cent 

^ rtjq, X 10* 

1 per rtl. 




as-i 

0.5 

0.025 

18 



100 . 



29-2 

66 

0.20 

22 



61 

24 

15 

29-3 
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0.10 

24 

9 
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24 




72 

15 

21.6 

19 

59 
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13 
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14 

35 

51 
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0.10 
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14 

70 

16 
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64 

0.10 

0 

0 

0 
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1 



65 

1 

13 

17.4 

25 

51 

24 

291 K .3 

60 

0.10 

0 

0.8 

2.2 1 







66 

13 

22.3 







90 

15 

25.1 

17 

66 

17 

291 K -1 

192 

0.10 

0 

0.8 

2.0 







63 

14 

24.9 

17 

63 

20 


The sort of diagram obtained in a. successful digestion e.xperiment is 
shomi in Fig. 1, C. About equal amoimts of components larger and smaller 
than halves are present. If the digestion is carried farther, in the hope 
of splitting all of the globulin, much material is lost by cleavage into non- 
protein fragments. 

Large Scale liccovery cf Human y-(Hobidinfrom Pastes Containing and 
y-Glohulins; Enzyme Digestion Method 

In the earlier commercial methods for the recovery of y-globulin from 
Fraction II 4- III, roughly^ one-half of the Y-globulin was precipitated 
m the Fraction III-l residue, together ivith a corresponding quantity of 
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the antibody activity. In order to separate tliis y-globulin in a form which 
is sufficiently free of the accompanying ;3-globulin, the Fraction III-l 
paste must be treated under new conditions such that there is an appre- 
ciable difference in solubility between the y- and the several /9-globulins. 



Fio. 1. The digestion of Fraction II globulins by pepsin at pH 3.7. A, Prepara- 
tion IIGS-35, 0.025 unit of pepsin per gm. of globulin; B, Preparation IIGS-29, 0.020 
unit; C, Preparation IIGS-291K, 0.100 unit. 


It has been demonstrated that human 7 -globulin can be treated with 
pepsin to give a system in which molecules of one-half of the normal size 
predominate, without loss of important antibody activity as judged by 
the usual immunological assays. From the decrease in molecular size, 
it might be expected that, if the 7 -gIobulin in the Fraction III-l paste is 
preferentially digested, its solubility might be increased as compared to 
that of the accompan 3 dng /9-globulins. Preliminary solubility determina- 
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tions ■nith 7 -gIobulin systems, undigested and digested, showed a distinct 
difference in favor of the latter at —5°, the temperature at which the 
separation of /S- and y-globulin is carried out. In the Fraction III-l 
nux-ture, the /S-globulins may also be somewhat digested, but apparently 
their solubility is not appreciably increased. It therefore appeared 
feasible, by the inclusion of a pepsin digestion step, to develop a process 
for the large seale recoveiy of 7 -globulin from these Fraction III-l residues. 

The process consists of a partial digestion of Fraction III-l by jjcpsin 
at pH 3.5, followed by fractional precipitation, whereby the /S-globulin is 
separated from the 7 -globulins. Two things are to be especially noted. 
( 1 ) The pepsin requirement per kilo of protein is \'eiy much higher (about 
5 times) as compared to that necessary to digest nearly pine 7 -globulin 
preparations, probably because the Fraction III-l residue contains an 
enhanced concentration of enzyme inhibitor. ( 2 ) The favorable result 
obtained depends in part upon the fact that the ionic strength of the system 
at the time of separation of 7 - from ^-globulin has been reduced from the 
customary 0.040 to 0.029. This observation has been of far reaching 
consequence, because we have demonstrated that, when the ionic strength 
is as high as 0.040 in this sy’stem, 7 -globulin is salted-out in copious amounts 
into the /S-globulin residue. This phenomenon nil! be considered further 
in a subsequent report. 

Fraction III-l is a paste of precipitated globulin together with solvent 
which contains about 30 per cent protein, of which about 27 per cent is 
7 -globulin. Its alcohol content has been assumed to be 11 per cent. The 
pepsin used is the commercial (Parke, Da'vis) 1:10,000 preparation which 
has been fractionated once by magnesium sulfate according to the procedure 
used by Philpot (12). This preparation of pepsin contains only 0.10 
hemoglobin imit per mg. of nitrogen, but the single treatment removes a 
large part of the foreign antigenic protein and further purification is con- 
sidered to be too costly for large scale operation. 

The description of the following procedure is based upon an operation 
with 1 kilo of a typical Fraction III-l paste. Only sh'ght modifications 
would be required to adapt it for use vith Fraction II -p III. It is to be 
remarked that the conditions for the actual separation of digested 7 -globulin 
from the /S-globulins are essentially those employ'ed at the Harvard pDot 
plant to prepare normal serum 7 -globulin, but with the important excep- 
tion that a somewhat lower ionic strength is employed. Moreover, the 
salt present was largely sodium chloride rather than sodium acetate. 
1 kilo of material is suspended in 1.5 liters of 0.15 ir NaCl at 0® with me- 
chanical stirring and 3 liters of 0.05 m HCl, also at 0°, are then slowly 
added with vigorous stirring. A solution that contains approximately 
112 units of pepsin is diluted to 250 ml. vith cold water and added slowly. 
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Sufficient 0.05 m HCl (about 500 ml.) to bring the pH of the system do^vn 
to 3.5 is then added. (All pH measurements are made at 25°.) The 
digesting sj-stem is allowed to stand at 0-1°; its pH tends to rise slowly. 
Every few hours enough dilute HCl is added to return the pH to 3.5 d= 0.1. 
At this pH the digestion has usuall 3 ' proceeded far enough in 15 to 25 hours, 
when a non-protein tjTosine determination is made. A value in the neigh- 
borhood of 30, X 10“* milliequivalent of tjTosine per ml. of digest, or per 
8 to 9 mg. of ori^al protein, indicates a sufficient degree of digestion. 
The pH of the digest is now adjusted to 5.10 to 5.20 bj' the addition of 
0.05 M NaOH, about 3.5 liters being needed. About 50 gm. of Super- 
Cel suspended in 0.25 liter of water are added to the system and the sus- 
pension is stirred for 2 hours, when 10 liters of 0.04 m NaCl are added. 
The alcohol concentration is then increased to 15 per cent bj’ the addition 
of about 7.5 liters of 53.3 per cent alcohol (cooled to about —5°). During 
this addition, the temperature of the sj’stem is kept just above its free 2 ing 
point. After being stirred for 2 hours, the precipitate containing ^- 
globulin and pepsin is centrifuged off at —5°. The effluent is filtered 
through Super-Cel mats on ordinary filter paper in Buchner funnels. 
The filtrate is adjusted to pH 6.0 to 6.1 by the addition of approximately 
37 ml. of M NaHCOj. Its alcohol content is then increased to 30 per cent 
by the addition of precooled 95 per cent ethanol, at —5° (5.77 liters of 
ethanol for 25 liters of effluent). The precipitate is centrifuged off at 
“5°, suspended in an equal volume of water, shell-frozen, and dried in 
vacuo. 

A summary of the experiments is given in Table II. Experiments 
D-1 to D-8 were carried out in this Laboratory. The pH measurements 
were made on cold samples. After correction to room temperature the 
variation in pH was between 3.55 and 3.70. Bucket centrifuges were 
used and the filtration step was omitted. From Experiments D-2 and 
D-3, it may be seen that precipitation, of the g-globulin with 18 per cent 
alcohol gives a low yield of purer Y-globulin, while 12 per cent alcohol 
gives a good yield but fails to remove enough /3-globulin. When 15 per 
cent alcohol is used, a desirable compromise between maximum yield and 
optimum purity is achieved. In Experiments D-6, D-7, and D-8, crude 
pepsin powder was used. The product appeared to be satisfactory, 
although it is possible the small amounts of fast moving material found 
on electrophoretic analysis may have been derived from the pepsin. 

The experiments listed in the lower section of Table II were performed 
in the pilot plant at the Haiaurd Medical School, Boston, Massachusetts. 

The more adequate temperature (0°) and pH (3.50 ± 0.07) control, 
the filtration procedure, and the tighter packing of precipitate achieved 
■with the Sharpies centrifuge are reflected in an improved product. The 
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doubling of the volume before fractionation by the addition of 0.04 m 
N aCl was first tried in Experiments DSl-1, DSl-2, and DSl-3. This 
step resulted in an appreciable increase in yield. 

Experiment DS2-4 differs from the standard procedure in that the volume 
was doubled before fractionation bj' the addition of 0.036 m acetate buffer, 
pH 5.2. The product contained an unusually high proportion of IS- 
globulins; so this modification was not repeated. 



Fio. 2. Sedimentation analysis of Preparation DS3-6 



Pio. 3. Electrophoretic analysis of Preparation DS3-6 


In Experiment DS2-7 the pH was buffered during the digestion by the 
addition of citric acid. Only 34 gm. of y-globulin product were obtained 
from 3 kilos of paste. 

The series of products obtained has been analyzed by physical, chemical, 
and immunological methods. Ultracentrifugal and electrophoretic analy- 
ses were made in the usual way, and the diagrams are presented as Figs. 
2 and 3. Electrophoretic analyses were carried out in barbiturate-citrate 
buffer (r/2 = 0.088) at pH 8.6. The results obtained with Preparation 
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DS3-0 may be considered as tj-pical. The product consists of about 55 
per cent half molecules with lesser amounts of normal globulin and small 
.fragments. It is 8 S per cent y-globulin, with 10 per cent of Pr, 2 per cent 
of and no a-globulin or albumin. These powders dissolve in saline 
to give water-clear solutions. 

Application 

Although it has been shown that these e.\periments pro\'ide a means for 
the extraction of y-globulin from P- and 7 -globulin pastes, their greatest 
usefulness nill come in the treatment by pepsin of human 7 -globulin 
antibody preparations in order to alter the absorption rate and distribution 
of the antibodies in the bod 3 ' and to prepare the material for subfractiona- 
tion to concentrate further certain of the antibodies. 

T.\ble III 


Immiinologtcal Assay' nf Products of Pepsin Digestion {Enders and Sullicam 


PrtpanUott Ko, 

, Tj’phoid 
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D -2 

1 0.60 
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1.0 

D -6 
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1 0.6 
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1.1 

D-T 


0.3 



1 

3.0 

DSI-I, 2 . 3 f 1 

1.0 

1.4 

j 1.0 

1.0 

2 

2,7 


* Values referred to a standard fraction of -r-globulin (Fraction AtiS), as used bj’ 
Enders (5). 

t Results of pooled samples from three experiments (Xos. DSl-1, DSl-2, DSl-3) 
performed in the Harvard pilot plant. 


Thus it is at once a matter of interest and importance to the immunologist 
to be assured that antibodj' actmtj" has not been destroj'ed, and to consider 
the success of the removal of anj' foreign antigenic protein which maj’ have 
been introduced either as or ndth pepsin. These two problems are dealt 
with successively in the paragraphs which follow. 

^ e have been fortunate in haxmg the aid of Dr. J. F. Enders, Miss J. C. 
Sullivan, and their associates, who have carried out all of the antibodj' 
assaj's we present in this report. Representative values for some products 
of both small and large scale 7 -globulin digestion recovery experiments 
are given in Table III. 

These preparations, all of which contain 85 to 90 per cent 7 -globulin, 
have an excellent titer of most antibodies. In general the titers agree 
With those reported by Enders (5), although the antiinfluenza A mouse 
protection values are sometimes distinctly enhanced. In addition, it 
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was found by Dr. C. A. Janeway that data consistent with those obtained 
by using standard Fraction II y-globulin Avere secured when solutions of 
Preparation DSl-1,2,3 were tested clinically for measles prophylaxis. 

The process of digestion may involve the addition of foreign protein 
with the enz 3 ane even ivhen crystalline pepsin is used. It therefore 
becomes important to determine whether or not sufficient antigenic mate- 
rial remains in the final product to be a source of danger in a clinical use. 
The available results are shown in Table IV and it is apparent that it 
has not been possible so far to free the digested human globulin entirely 
from contaminating foreign protein. However, commercial digested 
antitoxins are no better in this respect. Also intradermal tests madeAvith 
dilute digested globulins failed to reveal any significant responses, and 


Table IV 

Pepsin Removal Studies 


1 

Preparation No. i 

Conditions 

Shock- 1 

producing dose ] 

Severity of 
symptoms* 

DSM, 2, 3 

Normal fractionation 

irtS’ 

10 

3.3 

DS2-4 

(( <( 

10 

3.7 

DS2-4a 

Reprecipitated at pH 7.03 

60 

4.0 

DS2-4b 

2 times pptd. at pH 7.0 

30 

2.0 

DS2-4b 

2 ». » “ “ 7.0 

45 

4.0 

DS2-4b 

2 “ “ “ “ 7.0 

go 

5.0 

DIIGL-29lKt 

Pptd. at pH 7.0 

10 

0 

DIIGL-291Kt 

(f 7 0 1 

loo 

0.6 


* Based on scale from 5 (death Avithin 5 minutes after injection) to 0 (no symp- 
toms). 

t TAA'ice crystallized pepsin used for digestion. Some of these assays Avere per- 
formed by Dr. C. A. JaneAvay. 

skin tests performed under the direction of Dr. JaneAvay in Boston Avith 
a 0.05 per cent pepsin solution upon a group of fourteen children AA'ho had 
received an intramuscular dose of 0.1 to 0.2 ml. of Preparation DSl-1,2,3 
AA'ere negative 29 days after injection. The intramuscular injections were 
made Avithout the appearance of serum disease-like symptoms. 

Tavo types of e.xperiment AA'ere carried out to test procedures designed 
to remove the traces of foreign protein left in the y-globulins prepared by 
using the pepsin digestion method. One approach consisted of a repre- 
cipitatipn of the digested y-globulins at pH 7.0. The second procedure 
Avas to make use of tAA-ice recrystallized pepsin in the treatment of the 
Fraction III-l starting material. Products Avere tested by intravenous 
administration to guinea pigs that had been preAuously sensitized to our 
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crude pepsin preparations. The results of these experiments, sho'mi in 
Table IV, suggest that digestion with crj'stalline pepsin gives a product 
free from all but a trace of foreign protein. From 60 to 70 per cent of 
the small amount of foreign protein remaining in the products prepared 
by digestion with crude pepsin may be removed bj' an additional pre- 
cipitation at pH 7.0 with 25 i>er cent ethanol. Further precipitations 
are not correspondingl3' effective. 


Table V 


Concentraiion of Antibodies by Fractionation of Peptic Digests 
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Ei 

QE 

3 

73 

mm 

DS2-4 

Parent 



0.83 

0.55 

Mj 

2.2 



54 

0 

DS2-fa 

5.4 

18 

60 


0.29 

Dm 

2.4 



30 

mm 

DS2-4b 

6.0 

IS 

19 





2.6 

67 

20 

13 

DS2.4C 

6.7 

IS 

IE 

1.36 

0.68 

1.23 

1.8 

2.6 

40 

40 

20 

DS24d 

6,7 

30 

11 

1.35 

0.68 

1.23 

1.8 


15 

54 

31 


* Values referred to a standard fraction of ^-globulin (Fraction A66), as used bj' 
Enders (5). These data were obtained by Enders. .-til of the influenza A comple- 
nient-fixing antibody was present in Preparation DS2.83. 


Studies on the rate and degree of absorption of antibodies, digested and 
undigested, after injection by various routes are in progress. It is e.xpected 
that, in systems made up of predominantlj’ smaller molecules, combination 
with antigen in diseased tissue and in the blood stream will be accelerated. 

Since digested 7-globulin sj’stems are paucidisperse, the several compo- 
nents may have different resistances to heat treatment and different 
solubilities in aqueous ethanol. The term paucidisperse has been used by 
Sv'edberg and Pedersen (13) to describe a sj'stem in which several distinct 
components are present. The sj'stem is not monodisperse; on the other 
hand the description of it as polj'disperse would convej" another me anin g. 
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Also, the theories of Pauling (14) suggest that antibodies are 7-gIobulin 
molecules which have surface orientation of groups peculiar to their 
biological activity. Thus, diffei'ent antibodies would have different 
surface properties and configurations and it is possible they may show- 
different responses to peptic digestion. As a result of what may be termed 
differential digestion and subsequent chemical fractionation, additional 
concentrations of antibodies in certain fractions may result. Preliminary 
experiments based upon these ideas have been performed, and their success 
may be judged by a study of the data of Table V. 

The small absolute amount of antibody content of normal human 
7-globulin makes evaluation of ^uch work difficult. Antibody is not 
destroyed by the action of the pepsin and in certain instances, especially 
in the case of the antiinfluenza A mouse protection assays, there seems to 
be an enhancement. Further work of this kind on 7-globulins of high 
antibody titer is contemplated. 

The various globulin pastes were obtained from blood collected by the 
American Red Cross, after processing either at the Harvard Medical 
School pilot plant or in one of the cooperating pharmaceutical houses. 
We are indebted to Dr. Edwin J. Cohn and the members of the pilot 
plant staff at Boston for making these materials available to us. Further- 
more, they have permitted us to use their pilot plant so that some experi- 
ments could be performed on a large scale. 

In addition to the fact that the3'^ have carried out all of the antibody 
assays reported here. Dr. J. F. Enders and Miss J. C. Sullivan have given 
much valuable aid and encouragement in discussions related to the project. 
We are pleased to make record of indebtedness to them. 

The clinical trials and preliminary guinea pig sensitization tests have 
been carried out by Dr. C. A. .laneway and his staff. Dr. Janeway’s 
unfailing interest and inspiration and the care w-ith which his share of 
the work was dene have added much to the research. 

We wish to thank Mr. E. M. Hanson, ]\Ir. L. J. Costing, and Mr. R. A. 
Alberty of this Laboratorj'^ for valuable technical assistance. It has been 
a most substantial contribution. 


SUMMARY 

By making use of a peptic digestion step and certain minor modifications, 
it has been shown to be possible to develop a process for the extraction of 
relativclj’’ pure 7-globulin from human protein residues containing P- 
globulins as well. The conditions for the large scale extraction have been 
set down in detail. 
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The greatest usefulness of the work probably will come in the hydrolytic 
cleavage of human 7-globulin antibodj' preparations in order to effect 
further concentration of the antibodies and to modify their absorption 
rate and distribution in the body. Representative immunological assay 
data demonstrate that antibodj' acti\-ities are not destroyed xmder the 
conditions which have been employed. 
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BIOPHYSICAL STUDIES OF BLOOD PLAS]MA PROTEINS 


III. REC0\’T:RY of 7-GLOBULIK from human blood 
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{From the Dcparlmeni of Chemistry, Urtitersily of M'isconsin, Sladison) 


(Received for publication, February 15, 1946) 


The recover}’ of ^-globulin from human blood globulin precipitates in 
high yield and without contamination by )3-globulins is desirable because 
many of the antibodies are associated with the y-globulins. The y- 
globulins are concentrated in the plasma Fraction II + III of Cohn el al. 
(1). By-products which remain after part of the y-globulin, (Fraction II) 
has been recovered from Fraction II -b III often contain substantial 
amounts of the valuable antibody material. The problem of increasing 
the antibody yield by’ the removal of further quantities of purified y- 
globulin from such by’-products has been approached by’ a method which 
involves a peptic digestion step (2). However, since the recovery’ of as 
much 7 -globulin as possible is highly desirable and the operations may 
be carried out on a large scale, the attempt has been made to improve the 
theory and practice of the treatment of Fraction II -f III and to simplify 
the process so that yields of T-globulin will increase iv Fraction II with 
correspondingly' less of this substance remaining in residue materials. 
Granting success in this, it should be possible to treat a mixture of these 
and 7 -globulins, in particular the Cohn Fraction II -f III, so as to 
achieve a more efficient separation. A significant step in reaching this 
goal was taken when we observed that the effective separation of 7 -globulin 
from the /3-globulins requires a sy'stem of low ionic strength (about 0.010 
instead of 0.040) as compared to that which had been in industrial use for 
this purpose up to the year 1945. (An earlier Haiward Medical School 
Method 6 designed for another purpose involves the use of a system of 
ionic strength 0.01, but the other conditions are radically different (3). 
By’ this method, there is obtained an isoagglutinin fraction, but no other 
fractions of clinical usefulness are separated.) Since the low ionic strength 
step has found its way into all subsequent directions for the extraction on 
the commercial scale of 7 -globulin from pastes containing the /3-globulins 


* This work has been carried out under a contract, recommended by the Committee 
on Jledica] Research, between the Office of Scientific Research and Development and 
the University of Wisconsin. The subject matter of this report has been used in 
Invention Disclosure 3607 of the Office of Scientific Research and Development (1945) . 
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as well, and since the yields of antibody material have been substantially 
increased thereby, it is believed to be of interest to present the results of 
our work which have led to this development. 

EXPERIMENTAL 

The two proteins Fractions II + III and III-l (from Harvard Medical 
School Method 3C) resulting originally as by-products of the commercial 
manufacture of human serum albumin ivere the source materials for the 
experiments to study the separation and recovery of the 7-globulin. In 
Figs. 1 and 2 are shown the Tiselius electrophoretic patterns of typical 



Fig. 1. Electrophoretic diagram for typical Fraction II -1- III. Barbiturate-cit- 
rate buffer at pH 8.6, potential gradient 10.2 volts per cm., time 7440 seconds. 



Fig. 2. Electrophoretic diagram for typical Fraction III-I. Barbiturate-citrate 
buffer at pH 8.6, potential gradient 10.2 volts per cm., time 8100 seconds. 

Fractions II -f III and III-l, as obtained by means of the diagonal knife 
edge schlieren method. The electrophoreses were carried out at pH 8.6, 
with a diethyl barbiturate-citrate buffer of 0.088 ionic strength.' The 
average analjdical results of typical experiments with standard Fraction 
III-l (from Method 3C1 and Fraction II -j-. Ill pastes are shown in Table I. 

These pastes were suspended in distilled water in the presence of ice by 
means of a Waring blendor. The pH was then adjusted to 4.0 to 5.1 and 
the suspension was stirred for varying periods of time. This stage of the 
experiments will be referred to hereafter as the “suspension” stage. After 
suspension, the solutions were adjusted to various conditions of ionic 
strength, pH, and ethanol concentration in order to determine conditions 
for effective solution of the 7-globulin with simultaneous precipitation of 

*20 liters of this buffer may be prepared by bringing a solution of 184.2 gin. of 
diethyl barbiturate and 45.0 gm. of sodium citrate dihydrate to pH 8.6 with a sodium 
hydroxide solution and diluting it to 20 liters with conductivity water. 
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the jS-globuIins. Tliis is the actual “fractionation” step. Since pH 5.2, 
ionic strength 0.029, and 15 per cent ethanol had been used in the fractiona- 
tion step for the peptic digestion experiments, these conditions sensed as a 
guide for initial e.xperimcnts. In turn, and except for the ionic strength, 
these conditions for the separation of 7 -globulin from /S-globulin were 
Eubstantiallj" those employed by the Department of Phj-sical Chemistiy 
of the Han-ard Medical School. In all alcohol precipitations, the tempera- 
ture was kept as close as possible to the freezing point of the solution. 
The proteins which were insoluble under these conditions were removed 
in a Sharpies refrigerated laboratory" centrifuge. The pH of the super- 
natant solution was then adjusted to G.O to 7.2 with sodium bicarbonate 
and the ethanol concentration brought to 25 to 30 per cent by volume nith 
95 per cent ethanol. The precipitated proteins, consisting largely of 
7 -globulin, Were removed by centrifugation, suspended in cold distilled 


Tabi.k I 

Elertrophorelic Analyses nf Olnbulin Pastes 


Fradioa No. 

j Electfopbortsis analysis 

r*GlobuUn 

j tf?-GIobulm 

} <ft'GlobuUn 

1 07 >GlobuUD : 

[ ai-G!obuUn 

Albumin 


per cent 

per cent 

j per cent 

1 per cent 

I per certt 

per cent 

II -!- Ill 

37 

20 

: 36 

2 

i * 

A 

III-I 

27 

i 

1 ^2 

i " 

i ^ 

2 


water, frozen, and then dried m vacuo. The weight and electropho.-etic 
analysis of the dried products were obtained and served for the evaluation 
of anj' given e.\periment. 

Identical preliminary conditions were used in some of the experiments. 
In such cases sufficient starting material was taken to proA-ide for several 
aliquots at the point where diverging conditions were introduced. This 
made for less tedious procedures and greater duplicability of conditions. 

The ionic strength at the pH of the fractionation was calculated from the 
valence of the ions present and their concentration after the alcohol addi- 
tion. Concentrations of the ions in the systems used were estimated from 
the aqueous dissociation constants of the corresponding acids at 25°. 
It was assumed that this procedure was applicable to alcoholic solutions 
at low temperatures. AH pH determinations at the fractionation stages 
Were made with a Beckman pH meter prior to alcohol addition and after 
Warming the sample to 25°. 


Results 

The object of our experiments was to discover a set of experimental 
conditions b}' which the antibody-rich 7 -gIobulins of Fraction II d- III 
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pastes could be effectively removed. The most readily available material 
with which to study the effects of variations in ionic strength, pH, and 
ethanol concentration in the recovery of these y-globulins was the waste 
globulin by-product. Fraction III-l, which was obtained as a residue after 
the large scale treatment by the Harvard Medical School Method 3C of 
Fraction II -b III for the production of human serum y-globulin. It is 
to be emphasized that these Fractions III-l are now systems of historical 
interest only, but, since they did serve so well in the establishment of more 
effective conditions for the removal and recovery of y-globulin, we shall 
describe a number of our experiments with them. It is to be understood 
that the term Fraction III-I, as used ivithout further qualification in 
subsequent paragraphs, always refers to a globulin residue obtained by 
the now obsolete Method 3C. 


Table II 


Preliminaty Fraclionalion Experiments with Fraction III-l Pastes 


1 

Expeii* 
ment No., 

Suspension ; 

Fractionation with 
15 per cent 
ethanol 

pH oi pptn. 
with 30 per 

Yield 

j Electrophoretic analysis 

pH 

Time j 

pH 

r 

T 

cent ethanol 


'V-Glo* 
oulin 1 

pi-Oo- 

bulin 

y?i-Glo- 1 
bulin 

Albu- 

min 

A-2 

5.15 

II 

5.15 

0.029 

6.7 

gm* 

II. 4 

ptr cent^ 
88 

ptr ctnl 

3 


pit ten! 

9 

A-6 

4.0 

mm 

5.16 

0.015 

6.3 

11.8 

89 

3 

1 

9 

A.8 

4.0 

WM 

5.15 

0.029 

6.3 

11.9 

84 

3 

2 

11 

A-9 

4.0 

12 

5.09 

0.013 

1 6.9 

15.0 

87 

8 

1 

4 


In preliminary experiments, the adjustment to desired pH conditions 
during the suspension and fractionation stages was made with 0.05 n 
HCl and 0.05 n NaOH, and NaCl was used to raise the ionic strength to 
the desired level. Ethanol additions for the fractionation steps were 
made with 53.3 per cent ethanol, 95 per cent ethanol being used for the 
precipitation step. The results of typical preliminary experiments with 
200 gm. portions of Fraction III-l pastes containing approximately 22 
to 25 gm. of y-globulin in admixture ivith other proteins together with the 
conditions used during the various stages of each experiment are shown 
in Table 11. The volume at the fractionation stage and after the addition 
of alcohol ivas 5.5 liters for each 200 gm. of Fraction III-l paste used. 

The conditions shown in Table II were satisfactory for a fair separation 
of 7 -globulin from the /9-globulins in Fraction III-l pastes. Since the 
conditions for the fractionation stage ivere of paramount importance in 
influencing the yield of y-globulin, the effect of changes in pH, ionic 
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strength, and ethanol concentration was next studied closely. The use 
of dilute HCl and IVaOH for the adjustment of pH conditions was soon 
abandoned in favor of less drastic reagents. Dilute acetic acid (0.05 Ji) 
or dilute pH 4.0 acetate-phosphate solution- was used to lower the pH, 
while sodium acetate or disodium phosphate solutions were used to adjust 
the pH to higher values. 

In a series of experiments carried out with these reagents, the effect of 
ionic strength change in the fractionation stage was determined. Other 
variables were maintained as constant as possible. The results obtained 


Table III 


Effect of Ionic Strength, pH Variation, and Ethanol Concentration 


Suspension 

Fractionitioa I 

pH ol ppln. 
with 2S per 
cent ethanol 

Yield 

Electrophoretic analysis 

pH 

Time 

pH 

Ethanol 

r 

2 

T’-GIo'[^j-GIo-!^i-G1c>* 
bulin j bulin | bulln 

Albu- 

min 


Effect of ionic strength 




hfS, 


fer (fCBfj 



grt. 

per 

cent 

per 

cent 

per 

cent 

per 

cent 

A-20.4. 

5.1 

14 

5.10 

17 

O.OI 

7.01 

mi 

89 

5 

4 

2 

A-20B 

5.1 

14 

5.09 

17 

0.03 

7.03 


89 

4 

1 

6 

A-20C 

5.1 

14 

5. OS 

17 

0.05 

7.03 

m 

02 

o 

0 

1 

3 


Effect of pH variation 


A-16A 

A-16B 

A-16C 

4.92 

4.92 

4.92 

I 

4.99 

5.09 

5.20 

17 

17 

17 


7.03 

7.02 

6.92 

20.7 

14.4 

11.4 

74 

94 

95 

15 

3 

2 


5 

3 

3 

Effect of ethanol concentration 

A-12A 

4.15 

11 


11 


6.75 

IS 

86 


2 


A-12B 

4.15 

la 


H 


7.13 


91 


1 


A-12C 

4.15 

12 

5. OS 

H 


7.03 


Ea 


0 



t'lth 200 gm. portions of Fraction III-l paste indicate that highest jdelds, 
without much loss in electrophoretic purity, may best be obtained at an 
ionic strength of approximately 0.01, as is shown in Table III. 

The use of still lower salt concentrations was not investigated in this 
senes, since pre-vious experiments had shown that ionic strengths appreci- 
ably below 0.01 at pH 5.1 and 15 to 17 per cent ethanol failed to precipitate 
a large part of the ft-globulins present in the starting material. Thus, 
m one experiment in which the fractionation was carried out at pH 5.01, 

• This pH 4.0 solution is prepared by mi.ving equal volumes of 0.013 u acetic acid 
and 0.007 at disodium phosphate. 
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17 per cent ethanol, and an ionic strength of 0.002, the final product 
contained 37 per cent of ft-globulin and 57 per cent of 7 -globulin. 

Variations in pH at the fractionation stage were studied by using 0.05 
M acetic acid and 0.05 m disodium phosphate to adjust the pH. In spite 
of the fact that phosphates have little or no buffering capacity at pH 5.1, 
their use in raising the pH from that of the suspension level seemed to give 
somewhat better results and higher purity of product as compared to 
acetate. Although the ionic strengths were not maintained constant 
and secondary effects may have occurred, the major changes seen in Table 
III have been shown bj’’ our experience to be due to pH variations in the 
fractionation step. The results in Table III show that suitable jdelds of 
7 -globulin with high purity are dependent on a pH of essentially 5.10 at 
an ionic strength of approximately 0.01. In these experiments 17 per cent 
ethanol was used. Again, 200 gm. of Fraction III-l paste served as starting 
material. The large differences in yield brought about by a variation in 
pH of only 0.1 unit indicate the care which must be taken in making pH 
adjustments at this point. 

The effect of a third variable, the concentration of ethanol, was like- 
wise investigated. The pH adjustments were effected by the use of dilute 
acetic acid and disodium phosphate solutions. From Table HI it can be 
seen that optimum results are obtained with 17 per cent ethanol when the 
ionic strength and pH are maintained at 0.01 and 5.10, respective!}'. 

The effect of temperature was not studied as another variable, because 
the temperature at the fractionation stage was always kept as close as 
possible to the freezing point of the solution. In this way tendencies 
towards denaturation are minimized. 

As a result of many e.\periments, not reported here in detail, it was 
found that certain variations in procedure introduced small deviations in 
the final result. Thus the suspension of Fraction III-l pastes at pH 
values somewhat acid to pH 5.1 tended to increase the 7 -globulin yields, 
while extension of the time of extraction from several hours to 16 or more 
hours appeared to give a slightly favorable effect. Use of pH values of 
7.0 or above for the final 25 per cent ethanol precipitation of 7 -globulin 
gave rise to a desired greater loss of albumin into the final supernatant 
solution. 


Method 

The final conditions adopted for the separation and recovery of 7 - 
globulin from pastes containing large amounts of /3-globulin, Fraction II 
-f- III, are essentially those of Experiment A-12C of Table III. The details 
have been incorporated into a formal scheme which may be presented in 
the form of directions for procedure. These directions are given for the 
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treatment of 1 kilo quantities of Fraction II + III paste. Since the 
protein content and pH of Fraction II + III pastes maj' vary, corrections 
should be made for anj' pH deviations from the values as given. The 
ionic strength at the fractionation stage is calculated from the volume 
including the alcohol added to give 17 per cent concentration and should 
ahvaj-s be maintained at 0.010 to 0.014 for the separation, 

Fraclion II + III 

Each kilo of this precipitate is suspended in 10 liters of 0° pjTOgen- 
free water and 4850 ml. of a dilute pH 4.0 solution are added in order to 
bring the pH of the system to 4.8 =b 0.05.’ After the sj'stem has been slowly 


Table IV 


Preparation of y-Globnlin from Fraclion II + III Paste 


Erperi- 
raent No. 

Suspecsion 

Fracljonation with 
17 per cent ethanol 

pH of pptn. 
with 25 per 
cent ethanol 

Yield 

Electrophoretic analysis 

pH 

Time 

pH 

H 







hrt. 




grt. 

per cent 

per cent 

per cent 

per cent 

A-CA 

5.11 

15 

5.20 

0.014 

6.85 

16.7 

97 

2 

0 

1 

A-7 

4.80 

10 

5.09 

0.012 

6.85 

18.8 

97 

2 

0 

1 

A-SC 

4.81 

12 

5.09 

0.015 

6.SS 

17.0 

97 

2 

0 

1 

A-8D 

4.81 

24 

5.09 

0.015 

6.92 

15.2 

98 

1 

0 

I 

A-9B 

4.76 

0.3 

5.09 

0.016 

0.94 

15.1 

97 

2 

0 

1 

A-n 

4.79 

IS 

5.09 

0.012 

6.85 

IS. 9 

97 

1 


1 


stirred for a period of hours at 0”, a buffer mixture of 2610 ml. of 0.050 
It NaiHPOi and 2260 ml. of 0.050 x acetic acid is added, again at 0°, to 
bring the pH to 5.1 ± 0.04. 

The solution is now diluted to a volume of 25.0 liters with pjTogen- 
free water, at 0°, and the ethanol concentration is brought to 17 per cent by 
the cautious addition of 11.25 liters of 53.3 per cent alcohol. The ionic 
strength is 0.012 at this point. During this addition, the temperature is 
kept as low as possible, rvithout ice formation; it should be —6.5° when 17 


per cent concentration of alcohol is reached. After being stirred for 1 hour 
nt this temperature, the precipitate is removed by centrifugation, at 
-6.5°. 


The effluent is clarified bj' filtration through a thin pad of a suitable 
filter aid. After the pH of the filtrate is adjusted to 7.0 zfc 0.1 by the ad- 
dition of 0.50 XI XaHCOj (about 900 ml. are required), the alcohol con- 


This solution is prepared by adding 6S0 ml. of 0.050 m XajHPOi to 4170 ml. of 

0.050 X acetic acid. 












116 


PLASMA PROTEINS, m 


centration is increased to 25 per cent by the slow addition of 95 per cent 
ethanol which has been cooled to —5° or colder. The precipitate is re- 
moved by centrifugation at a temperature not higher than —5° and is 
dried from the frozen state in the usual manner. 

The material thus secured has a purity of about 95 per cent with respect 
to 7-globulin and is obtained in a yield of approximately 75 to 80 per cent. 
Data of some typical experiments Avith 200 gm. portions of Fraction II 
-f III pastes containing approximately 22 to 26 gm. of 7-globulin are 
shown in Table IV. 

A typical electrophoretic pattern in diethyl barbiturate-citrate buffer 
at pH 8.6 is shown in Fig. 3. 


1 ) 



Fig. 3. Electrophoretic diagram for product recovered in E,\periment A-9B on 
Fraction II -f III. Barbiturate-citrate buffer at pH 8.6, potential gradient 10.3 
volts per cm., time 7320 seconds. 


DISCUSSION 

The recovery of 7-globulin from human blood protein pastes, designated 
as Fraction II -f- III, and prepared by the low temperature ethanol pre- 
cipitation methods of Cohn et al. has been investigated and substantial 
increases in yield Avithout sacrifice of purity have been secured. Significant 
decreases in the amount of 7-globulin AA'hich is “salted-out” with the 
/ 9 -globulin residue take place at the fractionation step AA'hen relatively Ioav 
ionic strengths (0.010 as compared to 0.040 in the prior commercial pro- 
cedures) are used. For liigh 3delds of 7-globulin, pH and ethanol con- 
centration must be accurately controlled. 

The standard Fraction II, designated as Fraction II-l ,2 by Oncley et al. 
(3), represents the more soluble part of the 7-globulin. Such material 
has been used clinically in the treatment of both measles (4, 5) and epidemic 
jaundice (6, 7). The additional 7-globulin recovered by the application of 
our conditions, the Fraction II-3 of Oncley et al. (3), has not been widely 
used in clinical studies, but the immunological titers of the antibodies are 
almost identical A\-ith those reported by Enders (8) for the standard material. 
In the case of influenza A (mouse protection) and typhoid “0” antibodies, 
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the titers for our fraction seem to be definitely enhanced. There is no 
reason to anticipate that the new globulin fraction ■will be found to be less 
potent than the old on clinical studj% because the y-globulin recovered 
from Fraction III-l residues by the pepsin digestion process (2), which 
corresponds to Fraction II-3, has already been subjected to trial and found 
to pve results which are consistent with those obtained by using the 
standard Fraction 11-1,2 7-globulin. 

Concentration of antibody from certain plasmas from convalescents 
has received added impetus no'w that it has been shown to be possible to 
recover some three-quarters of the total 7-globulin from Fraction II -f III 
pastes. In this case, it •will be eiident that optimum yields are highly 
desirable, since relatively small amotmts of such plasmas can be obtained 
for processing. 

Intravenous injection in cats of solutions of the additional 7-globulin 
recovered from Fraction III-l as well as of 7-globulin from Fraction II -f III 
has disclosed that the majority of the samples show rather marked h}qjo- 
tensive properties. In this respect they are neither better nor worse than 
the standard material. It is true, however, that when the suspension 
step is carried out at reactions in the range pH 3.5 to 4.5 (prior to fraction- 
ation) samples which are less depressive are usually obtained. 

From the point of 'S'iew of their physicochemical characterization, 
standard and additional 7-globulins are similar; sedimentation and electro- 
phoretic diagrams, heat stabilitj’-, and behavior are alike. Presumably our 
Fraction II-3 contains more euglobulin than does the standard Fraction 
11-1,2, because what has been accomplished is the recovery of some of the 
less soluble 7-globulin. 


We are greatly indebted to Dr. J. F. Enders and to Miss J. C. Sullivan 
of the Department of Bacteriology and Inmnmology, Harvard Medical 
School, for their interest and for the p>erformance of all immimological 
assays. 

The raw materials, by-product pastes containing j8- and 7-globulins, were 
obtained through the generous cooperation of Dr. F. A. Eberly and his 
associates at The Upjohn Company, Kalamazoo, Michigan. 

SUSEMARY 

In all but the latest commercial methods for the preparation of human 
T-globulin, the yields have not been in excess of 50 per cent. The remaining 
7-globulin, together ■with a corresponding quantity of the antibody, was 
precipitated in a residue together ■with the ^-globulins. A step in providing 
a substantial increase in the 7-globulm yield was taken when it ■was dis- 
covered by us that effective separation of 7- from ^-globulins requires a 
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system of much lower ionic strength than had been in use in large scale 
commercial operation. In the present ivork, fractionation conditions of 
pH 5.1, ionic strength 0.01, alcohol concentration 17 per cent, and temper- 
ature —0° are used. When the new experimental conditions are applied 
directly to the main /3- and 7 -globulin fraction (Fraction II + III), more 
than three-quarters of the total 7 -globulin may be recovered in a single 
step, and without sacrifice in purity. 

This development is an important item leading to practical and eco- 
nomical fractionation methods for the removal of antibody from plasmas 
or sera of convalescents and hyperimmune individuals. 
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THE BIOCHEMISTRY OF THE AIALARIA PARASITE 

V. .MECHANISM OF P\HU\"ATE OXIDATION IN THE 
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{From the Department of Biochemistry of the Unirersity of Chicago, Chicago) 

(Received for publication, Februarj' 25, ]£M6) 

Previous work on the carbohydrate metabolism of malaria parasites 
( 1 , 2 ) has indicated that utilization of glucose by these organisms involves 
the initial formation of lactic acid and the subsequent oxidation of this 
substance to carbon dioxide and tvater. The rate of formation of lactate 
exceeds the rate of oxidation, with the result that lactate accumulates even 
under aerobic conditions. The o.x5’'gen consumption of parasitized erj-th- 
rocjdes is about the same nith P 3 ’ruvate or lactate as substrate as svith 
glucose. Under anaerobic conditions, lactate is apparentl}' the onh- prod- 
uct of glucose utilization. An investigation of the mechanism of gh'- 
col3-sis occurring in cell-free extracts of the malaria parasite ( 3 ) has 
indicated that this process involves the same reactions and the same 
phosphoi3’lated intermediates as are found in 3'east and mascle. 

The similarity of the reactions in the parasites to those occurring in 
organisms which are known to oxidize glucose through pv'ruvatc as -an 
intermediate suggested that glucose is oxidized in the same manner b3" the 
malaria parasites. The most generall3' accepted mechanism for the oxi- 
dation of p 3 T-uvate is the tricatbox3-lic acid c3’cle of Ivrebs ( 4 ). How- 
ever, the reports of previous workers that succinate, fumarate, malate, 
and citrate were not oxidized b3' the malaria parasite ( 5 , G) and that 
malonate did not inhibit carbohv'drate oxidation ( 1 ) seemed to exclude this 
mechanism in these organisms. 

Since the earlier experiments were carried out with siLspensions of intact 
parasitized er3’throC3ies, it appeared possible that the failure to obtain an3' 
effect with the polycarbox3’lic acids was due to the impenneabilit3' of the 
et 3 ’throc 3 rte membrane to these highly polar substances or to some other 
propert3' of the intact er3'throc3'te. Accordingl3', we have studied the 
metabolism of the parasite Plasmodium gallinaceum, both in intact erydb- 
roc3-tes and when freed from the er3'throc3'tes by’ the ase of hemolytic 

* The work described in Ibis paper was done under a contract, recoinniended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and the University of Chicago. This work was also sujjported in part 
by pants from the Dr. Wallace C. and Clara A. -Vbbott Memorial Fund of the Uni- 
versity of Chicago. 
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serum. We have found that in both preparations pyruvate is oxidized to 
carbon dioxide and water by a cycle like that proposed by Krebs for 
muscle tissue. In free parasites, the oxidation of pyruvate to acetate is an 
additional important pathway of metabolism. Evidence has been obtained 
that the oxidation of glucose and lactate proceeds over the same pathways 
as does the oxidation of pyruvate. 

EXPERIMENTAL 
M atcrials 

The citric, fumaric, Z-malic, malonic, and succinic acids employed were 
reciystallized commercial products. Solutions of glucose and sodium 
acetate were prepared from the analytically pure anhydrous compounds. 
Crystalline sodium pyruvate was prepared by the method of Lipmann (7). 
It was 100 per cent pure, as determined by decarboxylation with yeast 
carboxylase and by oxidation with acid permanganate. Crystalline lithium 
lactate was prepared according to the directions of Friedemann and Graeser 
(8). Oxalacetic acid was obtained by the hydrolysis of commercial sodium 
diethyl oxalacetate (9). a-Ketoglutaric acid was synthesized by the 
method of Neuberg and Ringer (10). m-Aconitic acid was made by the 
procedure of Malachowski et al. (11) from Zrons-aconitic acid synthesized 
according to Bruce (12). All acids were neutralized to pH 7.4 with NaOH 
before use. 

Diphosphopyridine nucleotide was prepared by the method of William- 
son and Green (13). Triphosphopyridine nucleotide was obtained by the 
method of Warburg, Christian, and Griese (14), as modified by Altman 
(15). Adenosine triphosphate was isolated from the skeletal muscle of 
rabbit by the procedure described by Needham (16). Flavin-adenine- 
dinucleotide was- prepared according to Warburg and Christian (14). 
Riboflavin phosphate was synthesized by the method of Kuhn and Rudy 
(17). Thiamine, diphosphothiamine, nicotinic acid, nicotinamide, ribo- 
flavin, calcium pantothenate, p-aminobenzoic acid, pyridoxine, inositol, 
and biotin were obtained in pure form from commercial sources. 

Analytical Methods 

Measurements of gas exchange were made with a Barcroft-Warburg 
manometric apparatus, according to the methods described by DLxon (18). 
\Vlien respiratoiy quotients were measured, initial and final bound carbon 
dioxide was determined by tipping in acid from the side arm, and two 
vessels were carried through the experimental period, one with KOH in the 
center cup for measurement of oxygen consumption and a second without 
KOH for measurement of the sum of carbon dioxide production and oxygen 
consumption. 
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Glucose was determined by the method of Nelson (19). Succinate was 
measured bj' the method of Szent-Gyorgjd and Gozsy (20), as modified 
bj' Krebs and Eggleston (21, 22). Malate was determined by an 
unpublished method from this laboratory, based on the fluorescence ob- 
tained by heating malate with /?-naphthol in concentrated sulfuric acid (23). 

Lactate was determined by the method of Barker and Sununerson (24), 
e.vcept that 9.0 cc. of concentrated sulfuric acid were used instead of 6.0 
cc. in order to decrease the interference from pjTUvate. It was noted, in 
agreement with Miller and Muntz (25), that when samples were not 
carried through a copper-lime precipitation the interference caused by 
pyruvate decreased as the heating time was increased from 5 to 15 minutes, 
but the absolute color intensity obtained with a given quantity of lactate 
also decreased markedly with longer heating. "When a copper-lime pre- 
cipitation was employed, the interference by pyruvate was less than without 
copper-lime precipitation and was independent of the heating time. Either 
with or without copper-lime precipitation, the use of larger quantities of 
stdfuric acid decreased the interference by pyruvate. Under the con- 
ditions used (copper-lime filtrates, 9.0 cc. of sulfuric acid, 5 minutes heating 
time), pyruvate gave 2 per cent of the color obtained with an equimolar 
quantity of lactate. 

Pyruvate was determined by the procedure of Friedemann and Haugen 
(26). The 2,4-dmitrophenylhydrazine solution was allowed to react with 
the samples for 5 minutes at room temperature, and the reaction mixture 
was extracted with 3.0 cc. of toluene. It was found convenient to carry out 
the reaction and the extractions in glass-stoppered, conical tipped centri- 
fuge tubes of about 30 cc. capacity.* After the hydrazone was extracted 
by shaking with toluene for 30 seconds, the aqueous layer was removed with 
a long capillary pipette connected by means of glass tubing bent in the 
shape of an inverted U to a 20 cc. syringe with a greased barrel. 

Acetate was determined by the following procedure, based in part upon the 
methods of Leloir and Munoz (27) and Long (28). Zinc filtrates were pre- 
pared by adding 5.0 cc. each of 5 per cent ZnS04-7Hi0 and 0.3 n NaOH 
to each 3.0 cc. sample. The mixture was diluted to 27 cc. and centrifuged. 
If glucose was present in the sample, a 20 cc. aliquot of the zinc filtrate was 
diluted to 26 cc. and treated with 2 cc. of 20 per cent CuSOj-fiHjO and 2 
gm. of solid Ca(OH)2. After standing at room temperature for at least 2 
hours, the mixture was centrifuged. 

To a 20 cc. aliquot of the zinc or copper-lime filtrate were added 3.0 cc. 
of a distillation reagent similar to that used by Long (28). The reagent 
contained 1300 mg. of 2,4-dinitrophenylhydrazine and 70 mg. of lithium 

* Maiiel-Gereon reaction vessels, from the Wilhens-Anderson Company, Chicago. 
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lactate in 100 cc. of 24 n HjSO^ (200 mici’omoles of 2,4-dinitropheni’lh3'- 
drazine and 20 micromoles of lactic acid in each 3.0 cc.). If a precipitate 
formed after 1 hour in the ice box, it was removed by filtration through a 
fritted Pyrex glass filter. The mixture of sample and distillation reagent 
was then washed into a 100 cc. round bottom flask with a standard taper 
joint. To the flask were added 10 gm. of anhydrous iS;'a2S04 and three 
small carborundum chips to promote even boiling. The flask was at- 
tached to a modified Claisen head which formed an all-glass distillation 
apparatus. The straight neck of the Claisen head was provided with a 
standard taper joint to receive a dropping funnel, and the bent neck was 
extended as a short asbestos-wrapped Vigreux column. The column was 
connected through a Kjeldahl trap to a vertical condenser, and a 200 cc. 
round bottom flask was attached to the bottom of the condenser by a 
standard taper connection to serve as a receiver. The small flask was 
heated with the free flame of a micro burner, and, as distillation proceeded, 
the volume of liquid in. the distilling flask was kept constant bj>' addition of 
water from the dropping funnel. Distillation was interrupted when 100 cc. 
of distillate had been collected. The distillate was boiled for 10 seconds 
and titrated while hot with COj-free 0.01 N NaOH, with brom-thjpnol blue 
as indicator. A blank distillation was perfonned and its titration value 
subtracted from that of the other samples. 

After treatment with the distillation reagent, samples containing as much 
as 100 micromoles of pyruvic acid could be distilled without perceptible 
interference from pyruvate. Virtanen and Pulkki (29) have found that 
as the concentration of lactic acid in a solution is increased the quantity of 
acid which distills off does not increase proportionall}'^ but reaches a low 
maximum value. On the basis of this observation, which we have con- 
firmed, we eliminated interference from lactic acid by carr)dng out all 
distillations in the presence of an excess of lactic acid and correcting for the 
quantitj’- distilling over by a blank titration. Interference from glucose was 
effectively prevented by the copper-lime precipitation. By the procedure 
outlined above, 90 to 95 per cent of added acetic acid could be recovered 
consistently from pure solutions or from filtrates. Agreement between 
duplicates was of the order of 2 to 5 per cent. 

When it was desired to identify the volatile acids formed during an ex- 
periment, the combined distillates were exactly neutralized with a few mg. 
of solid CaCOs and decolorized with charcoal to remove the indicator. The 
filtered solution was concentrated to 2 to 3 cc. volume at atmospheric pres- 
sure, filtered again, and used for Duclaux distillations or for color tests. 

Citrate was determined bj’’ a method incorjiorating certain features of 
several previously published procedures. The colorimetric pentabromo- 
acetone method of Perlman, Lardy, and Johnson (30) offers advantages in 
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convenience of manipulation, but in our experience the color produced is 
unstable, the duplication erratic, and the sensiti^nty low. In confirmation 
of Hunter and Leloir (31), the use of sodium nitrite to reduce the per- 
manganate and particularly the use of ethylene glycol to stabilize the color 
were found to represent great improvements. WTien these modifications 
were applied to-the method of Perlman, Lardy, and Johnson, the blanks 
showed a strong yellow color. We obsen'ed that this color could be 
avoided by destroying the excess nitrite with urea. In the present method, 
the recommendations of ICrebs and Eggleston (32) as to acid concentration 
during the oxidation and bromination were followed. 

Samples to be analyzed for citrate were deproteinized by the addition of 
an equal volume of 1 M trichloroacetic acid. An aliquot containing 0.5 
to 5.0 micromoles of citrate (0.096 to 0.960 mg. of citric acid) in a volume 
not exceeding 7 cc. was placed in a graduated 15 cc. centrifuge tube along 
■ndth 2.25 cc. of 15 N and dfluted to about 9 cc. The samples were 
heated 1 hour in a boiling water bath, cooled, treated with an excess of 
saturated bromine water (about 10 drops), and diluted to 9.0’cc. After 15 
minutes at room temperature, the tubes were centrifuged. This procedure 
eliminated interference from acetone, acetoacetate, and o.xalacetate. 

Two 4.0 cc. aliquots of the acid-bromine-treated filtrate were transferred 
to conical tipped, glaas-stoppered centrifuge tubes of the tj-pe used in the 
pyruvate determinations. A blank and three different standards, in a 
volmne of 3.0 cc., were prepared, and 1.0 cc. of 15 N was added to 
each. Each subsequent operation was carried out with the whole series of 
tubes before proceeding to the next step. To the samples were added 
0.2 cc. of 1 M KBr and 0.8 cc. of 0.3 m KMnOi. After 15 minute at room 
temperature, the excess permanganate was reduced by the addition of 
0.5 cc. of 1.5 M jVaNO:, with thorough mixing to insure complete reaction. 
Then 0.5 cc. of 2 m urea was added, with complete mixing and rinsing of the 
x'essel walls. When more than 1 micromole of citrate was present in the 
aliquot analyzed, a faint white precipitate of pentabromoacetone was 
visible. The pentabromoacetone was extracted by shaking for 40 seconds 
vith 10 cc. of acid-washed 60-70'’ petroleum ether (Skellj-solve B). The 
aqueous layer was removed as completely as possible with a capiUarj* 
pipette attached to a greased sjuinge. The petroleum ether was washed 
once by adding 3 cc. of water, rinsing the stopper and ground glass seat, 
shaking for 15 seconds, and again remoxung the aqueous layer. 5.0 cc. of 
sodium sulfide-ethylene glycol reagent were added to each of the tubes 
without mixing. The reagent was prepared bj' dissohring 5 gm. of wet 
crystalline sodium sulfide in 60 cc. of water, adding 40 cc. of ethylene glj'col, 
and filtering. The tubes were shaken vigorously for 1 minute, and the 
contents were poured into 16 X 150 mm. Pyrex test-tubes calibrated for use 
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as colorimeter tubes. The samples were read in an Evelyn colorimeter, 
with a special sleeve to accommodate the tubes and filter No. 420. 

A plot of tlie L values (2 — log of per cent transmission) against the 
amount of citrate added gave a curve which was slightly concave upward for 
values up to 0.6 micromole of citrate and was linear for higher values. 
Duplicates agreed within 5 per cent, and the standard curve was reproduci- 
ble within the same limits. The yellow color formed by a given amount of 
citrate ivas much more intense than that obtained by other methods and 
was fairly stable. Readings could be begun about 10 minutes after mixing 
the petroleum ether and sodium sulfide-ethylene glycol reagent in the first 
tube; in the next 15 minutes the color faded about 4 to 5 per cent at all 
levels of citrate. The range of the method could be extended to include 
larger amounts of citrate by doubling the volume of sodium sulfide-ethylene 
glycol reagent. 


Parasite Preparations 

White Leghorn chickens infected with Plasmodium gallinaceum- serx'ed 
as the source of malaria parasites. Chickens weighing 1 to 2 kilos were 
inoculated intravenously with parasitized blood, and the peak of 
parasitemia ivas reached on the 3rd day after injection, with 60 to 90 per 
per cent of the erythrocytes containing one or more parasites. At this time 
blood was drawn by heart puncture, with the addition of 0.05 volume of 10 
per cent sodium citrate to prevent coagulation. From the citrated blood, 
two types of parasite preparations were made — parasitized erythrocjdes 
and free parasites. 

Parasitized Erythrocytes — ^The cells were separated from the citrated blood 
by centrifuging for 5 minutes at 500p (1600 r.p.m., head radius 18.5 cm.) 
and were xvashed three times by suspending in 10 volumes of cold calcium- 
free phosphate-saline, pH 7.4 (22), and centrifuging again. The washed 
cells were suspended in phosphate-saline to a hematocift Value of about 
30 per cent. 

Free Parasites — ^A preliminary study of various procedures for laking the 
erythrocytes indicated that specific hemolytic serum more consistently 
yielded free parasites with a rapid oxygen consumption than did other 
agents tried (-water, digitonin, saponin, synthetic detergents). The serum 
-was prepared by injecting rabbits intravenously at intervals of 3 or 4 daj's 
with rvashed erythrocytes from normal chickens, in doses increasing from 
0.1 to 1.0 cc. of cells over a period of 3 weeks. The serum obtained in this 
way completely hemolyzed an equal volume of washed erythrocytes in 5 to 
10 minutes under the conditions described below. 

To prepare free parasites, parasitized erythrocytes obtained from citrated 

* Strain 8A, as designated by the Committee on Terminology of Strains of Avian 
Malaria of the American Society of Parasitologists. 
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blood were voshed twice with phosphate-saline containing 0.1 per cent 
glucose and suspended to a hematocrit value of about 15 per cent. The 
suspension was incubated for 15 minutes at 40° with a volume of hemolidic 
serum equal to the volume of the erj’throcytes and a volume of guinea pig 
serum complement’ equal to one-tenth that of the erythrocytes. The 
mixture was shaken frequently to resuspend the agglutinated cells. The 
solid material was separated by centrifuging for 5 minutes at 900g (2100 
H.p.M.) and was washed three times by suspending in 10 volumes of cold 
phosphate-saline. Phosphate-saline was finally added to give a suspension 
containing about 60 per cent solids. 

The free parasite material was dark gray-brown in color. Smears treated 
with Giemsa stain showed the parasites to be completely free from the 
erythrocytes. The parasites were slightly contracted in appearance but the 
nuclei and cytoplasm stained normally. Lymphocytes and erythrocyte 
nuclei yere also present. The free parasites were capable of causing fatal 
infections when injected into chicks, although the infectivity was much less 
than that of intact parasitized erythrocytes, as indicated by a prolonged 
induction period. 

The content of solids in the parasite preparations estimated by centri- 
fuging the suspensions for 5 minutes at 1700 g (2800 r.p.m.) and most of the 
data of this paper are expressed as change per cc. of solids determined in this 
maimer. l^Tien both parasitized erythrocytes and free parasites were pre- 
pared from the same samples of blood, the volume of free parasites derived 
from a given volume of parasitized erythrocytes could be estimated. 
Generally the parasitized erythrocytes yielded about an equal volume of 
free parasites. 

To avoid possible osmotic effects on the intact cells, it was necessary to 
control the ionic composition of the medium in which the samples were 
incubated. Whenever possible, all added solutions were adjusted to a 
cation concentration of 0.150 m. Any necessary adjustment in the final 
concentration of cations in the reaction mixture was made by addition of 
water or concentrated solutions of NaCl. In each experiment, the cation 
compeeition of all samples was thesame. It was found that variation of the 
concentration of cations from 0.14 to 0.18 m had no marked effect upon the 
metabolism of the parasites. 

Results 

General Metabolic Properties of Parasite Preparations 

Respiration of Parasite Preparations in Absence of Added Substrates — 
Both parasitized erythrocytes and free parasites respire at an appreciable 
rate in the absence of added substrates but the substance or substances 

•Lyovflc complement, from Sharp nod Dohme, Inc. 
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being oxidized under these conditions have not been identified. Analyses 
indicate that glucose, pyruvate, malate, and citrate are absent. Lactate 
and reducing substances liberated by acid hydrolysis are present only in 
small amounts and do not undergo significant change. The changes in 
non-protein nitrogen fractions of parasitized erythrocytes are discussed in 
the following paper (33). There is evidence that the material being oxi- 
dized is in about the same oxidative state as carbohydrate, since the 
respiratory quotient of the blank respiration in free parasites is about 0.9. 
Furthermore, the blank respiration of both parasitized erythrocytes and 
free parasites is strongly inhibited by malonate, mth the accumulation of 
small amounts of succinate. Tliis suggests that the blank oxidation in- 
volves the tricarbo.xylic acid cycle. In a similar manner, minced muscle 
tissue in the absence of added substrates shows a malonate-sensitive respira- 
tion of high respiratory quotient, which cannot be accounted for by changes 
in kno^vn carbohydrate mateiial ('34).. 

It is not known to what extent oxidation of this unknown substrate is 
displaced Avhen other substrates are added, but in calculation and dis- 
cussion it is assumed that rapidly oxidized substrates such as pyruvate 
completely replace the unknown substance. 

Bffeci of Cofactors on Metaholic Properties of Parasite Preparations 
The rate of pyruvate oxidation by parasitized erythrocytes is not affected 
by added cofactors, but the rate of oxidation by free parasites is increased 
by the addition of dicarboxylic acids and other water-soluble cofactois. 
The catalytic effects of dicarboxylic acids such as succinate or malate arc 
discussed in a later section. In the presence of dicarboxylic acids, addition 
of diphosphothiamine, thiamine, diphosphopyridine nucleotide, or tri- 
phosphopyridine nucleotide causes a further acceleration of both oxygen 
consumption and pyruvate utilization, to an extent dependent upon the 
concentration added (Table I). Adenosine triphosphate usually has a 
similar effect, but its action is variable. Low concentrations of manganous 
ions are stimulatory, but higher concentrations inhibit pyruvate oxidation. 
A mixture of these known cofactors, such as to gi\’e the final concentrations 
indicated in the last section of Table I, was usually added to samples of 
free parasites in Avhich the metabolism of pyruvate was being studied, and 
in later tables is called simply “cofactor mixture.” 

The following water-soluble vitamins and their derivatives have no effect 
upon pyruvate oxidation in free parasites: riboflavin, riboflavin phosphate, 
flavin-adenine-dinucleotide, nicotinic acid, nicotinamide, p-aminobenzoic 
acid, pantothenic acid, pyridoxine, biotin, and inositol. Spermine and 
spermidine, which antagonize the bacteriostatic effect of atabrine (35), 
are without influence. Glutathione is also inactive. 

Boiled extracts of 3'east and of chicken tissues were prepared by suspend- 
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ing the material in one part of ph<Bphate-saline, heating 10 minute in 
a boiling water bath, and removing the solids by centrifugation. Such 
e.'rtracts prepared from normal and parasitked chicken eiythrocj’tes, 
chicken liver, and chicken breast muscle accelerate the oxidation of py- 
ruvate by free parasites, but not to a greater extent than can be achieved 

Table I 

Effect of Cofactors on Pyruvate Oxidation by Free Parasites 


The samples contained 1.2 cc. of free parasites, 0.01 M pyruvate, 0.00033 si mslate, 
and the cofactors indicated below , in a volume of 3 .0 cc . Gas phase air, temperature 
t0°, time 60 minutes. 


Cofjctor 

ConcentnUoa 

Iccrtas« la 

Otygeo 

iis<a 



31 

frr cent 

feruni 

Thiamine 

0.00001 

3 

6 


0.00005 

6 

4 


0.00025 

6 

5 

Diphosphothisminc . . 

0.00003 

i 

8 


0.00025 

9 

10 

Diphosphopvridinc nucleotide 

0.00001 

1 

4 


0.00005 

S 

8 


0.00025 

16 

16 

Triphosphopyridine “ 

O.OOOOl 

8 

6 


0.00005 

14 

10 


0.00025 

22 

IS 

-Adenosine triphosphate 

O.OOOl 

5 

6 


0.0005 

3 

11 


0.0025 

-2 

13 

Manganous chloride 

0.0002 

10 

11 


0.0005 

-11 

9 

Cofactor mi-xturc 

Diphosphotfaiamine 

Diphosphopyridine nucleotide 

Triphosphopyridine nucleotide 

0.00005 

0.00005 

0.00005 

23 

12 

Adenosine triphosphate 

0.0005 



Manganous chloride 

0.0001 




with the cofactor mixture of Table I. On the other hand, extracts of 
Heischmann’s bakers’ yeast have a much greater effect than does the 
cofactor mixture, increasing oxygen consumption as much as 100 per cent. 
This effect was traced to the surprisingly high succinic acid content of the 
yeast (at least 0.2 per cent of the dry weight). The other extracts do not 
contain significant quantities of ether-extractable acids which stimulate 
the respiration of the parasites. These results with crude extracts render 
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unlikely the existence of any unknown cofactor which can greatly accelerate 
the rate of pyruvate oxidation in free parasites. 

Relative Metabolic Activity of Parasitized Erythrocytes and Free Parasites— 
In order to compare the respiratory activity of free parasites with that of 
parasitized erythrocytes/ the oxidation of a variety of substrates by these 
two types of parasite preparations w'as investigated, and the results are 
given in Table II. In general, the free parasites oxidize these substances 
at about half the rate found with an equivalent quantity of parasite ma- 
terial within the intact erythrocyte. It is noteworthy that succinate is 
utilized in significant amounts by both free parasites and parasitized 


Table II 

Oxidation o/ F arious Substrates by Parasitized Erythrocytes and Free Parasites 
The samples contained parasitized erythrocytes equivalent to 0.6 cc. of free 
parasites (carried through the procedure for the preparation of free parasites, except 
for the addition of antiserum) or 1.1 cc. of free parasites (both preparations from the 
same sample of blood), cofactor mi.\ture, and the substrates indicated below in 
0.01 M concentration (with 0.00033 M malate in the case of glucose, lactate, and pyru- 
vate), in a volume of 3.0 cc. Gas phase air, temperature 40“, time 60 minutes. The 
experimental values are expressed in micromoles per hour per cc. of free parasites. 


1 

Substrate added 

Oxygen consumed 

Substrate o.Tidised 

Parasitised 

erythro- 

cytes 

Fret 

parasites 

1 

Free 

Eo’thro- 

cytic 

Parasitized 

erythro- 

cytes 

Free 

parasites 

Free 

Erythro- 

cytic 


micromoles 

1 

micromoles 


micromoles , 

micromoles 


None 

21.1 

6.5 i 

0.31 




Glucose 

48.1 

14.6 

0.30 

23.0 

11.9 


Lactate 

61.9 

28.8 

0.47 

24.1 

8.7 


Pyruvate 

58.8 

27.0 

1 0.46 

29.8 

24.0 


Succinate 

24.8 

12.9 

0.52 

24.1 

13.0 


Malate 

23.8 

16.2 

0.68 

4.1 

18.0 

4.39 


erythrocytes, while malate is only slowly used by parasitized erythrocytes. 
The respiratory rate of parasitized erythrocytes in the presence of adequate 
substrate is linear for 3 to 4 hours, but the respiratory rate of free parasites 
declines considerably after the first hour. 

The data of Table III indicate that the glycolytic activity of free parasites 
is unaltered, but that they are unable to oxidize the lactate formed from 
glucose as rapidly as parasitized erythrocytes. The high acidity resulting 
from the accumulation of such large amounts of free lactic acid (more than 

^ It has been reported previously (2) that suspensions of washed parasitized eryth- 
rocytes in calcium-free phosphate-saline respire at the same rate as do comparable 
samples of parasitized whole blood. 
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0.01 n) is undoubtedly respoasible for the low oxygen consumption of free 
parasites with glucose as substrate. 

The respiratorj' activity of preparatioas made from normal chicken blood 
was determined under conditions identical with those used for parasite 
preparations, and these data are shown in Table IV. The normal prep- 
arations corresponding to free parasites contained only erythrocyte nuclei 

Table 111 

UUlitalion of Glucose by Parasitized Erythrocytes atuJ Free Parasites 
These data were obtained from the experiments described in Table II. The ex- 
perimental values are expressed in micromoles per hour per cc. of free parasites. 


Parasite preparation 

Glucose 

oxidized 

Lactate 

formed 

Total 

glucose 

Glucose Utilized, 
Free 

utilized 

Erythrocytic 

Parasitized erythrocytes 

Free parasites 

tnkromcles 

23.0 

11.9 

micromoles 

1.2 

38.2 

micromclts 

23.6 

31.0 

1.31 


Table IV 

Oxidation of Various Substrates by Preparations from Kormal Erythrocytes 
The blood from normal chickens was treated in the same manner as the parasitized 
blood used to obtain the data of Table II , and the preparations corresponding to par- 
asitized erythrocytes (intact erythrocytes) and to free parasites (solids obtained by 
hemolysis) were incubated with various substrates under the conditions described 
in Table II. The values represent the average of two experiments and are expressed 
in micromoles per hour per cc. of solids obtained by hemolysis. 


Substrate added 

Oxygci 

n used 

Intact erythrocytes 

Solids obtained by hemolysis 


vxicTomoles 

micromoles 

None 

2.4 

0.4 

Glucose 

2.2 

1.7 

Lactate i 

3.0 

0.5 

Pyruvate * 

2.4 

0.4 

Succinate 

3.1 

2.6 

Malate 

2.6 

0.6 


and leucocytes. In general, the activity of the normal preparations is 
less than 10 per cent of that of the corresponding parasite preparations, and 
no attempt has been made to correct for the metabolism of the normal 
blood components. 

A number of compounds have been tested for their ability to increase the 
rate of pyruvate oxidation by free parasites in the presence of all known 
cofactors, but no active substances have been found. Among the sub- 
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stances tested and found ineffective vere alanine, glutamic acid, horse 
hemoglobin, acid-denatured hor.se hemoglobin, proteose peptone, a trj'ptic 
digest of casein, adenine, and uracil. 

T.\Br.K V 

lialnncc of Pyruvate Oxidation 

The .samples contained parasitized erythrocytes equivalent to 0.8 cc. of free 
parasites (carried through the procedure for the preparation of free parasites, except 
for the addition of .antiserum) or 1.4 cc. of free parasites (both preparations from the 
s.ame sample of blood), 0.01 .xr p 3 ’ruvato, 0.00033 .xi malate, and cofactor mi.xture, in a 
volume of 3.0 cc. Gas phase air, temperature 40°, time 60 minutes. The analytical 
figures arc expressed as micromoles per hour per cc. of free parasites. The values 
designated "corrected for acetate” xverc calculated by subtracting the oxygen and 
pyruvate used and the carbon dioxide formed in producing acetate, on the basis of 
the analj’tical figures for acetate and the equation pyruvate -1- JO* — > acetate + 
COj. The pj'ruvatc completelj' oxidized was calculated by dividing the oxygen used, 
corrected for acetate, by 2.5, on the basis of the equation p.vruvic acid -f 2J0* -* 
SCO. + 2H.O. 



1 ParaMtijed 

1 crythroc5'tc< 

Free parasites 

Oxygen used . ... 

52.4 

23.2 

Total carbon diox-idc formed 

1 07.1 

31.7 

Pyrux'nle used 

j 25.0 

18.6 

.Vcefiifo formed 

I 0.5 

6.5 

P.vrux'alc oxidized to acetate 


6.5 

“■ “ eompletel.v 

20. S 

8.0 

" ueeounted for 

21.3 

14.5 

1, .. r 

r 

.S5 

78 

Pe.spiialorv (|uolieiit 



Observed 

1.2S 

1.37 

Corrected foi acetate 

I.2S 

1.26 

O.x.vgen-pynivaie ratio 



Observed 

! 2.10 

1.25 

Corrected for acetate 

2.11 

' 1.65 

-tetivitj' ratio, frec-erx'thiocytie 



Oxj’gen consumed 


0.44 

P.vruvate used 


0.74 


Bclancc of Pyruveue Oxidaiion 

"When pyruvate is added to parasite preparations under anaerobic condi- 
tions, it does not disappear, but under aerobic conditions pyruvate is 
rapidly utilized; the oxygen consumption is greatly increased, and the 
respiratorj" quotient rises. The major products of pyruvate oxidation are 
acetate and carbon dioxide and -water. 

For purposes of comparison, balance experiments xvere carried out xvith 
parasitized erythrocytes and free parasites, both prepared from the same 
sample of blood and subjected to the same treatment. The results of a 
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typical experiment of this nature are given in Table V. The parasitizcil 
erythrocytes oxidize pj^ruvate at concentrations of about 0.01 m largely to 
carbon dioxide and water. Very little acetate is formed, and the values 
of the respiratorj' quotient and the oxygen-pyruvate ratio approximate 
those for complete oxidation (theoretical respiratorj' quotient 1.2, oxygen- 
pyruvate ratio 2,5). In contrast, the free parasites form considerable 
acetate from pjTUvate. The respiratoiy quotient coiTected for acetate 
production is nearly that expected if the pyruvate not converted to acetate 
is completely oxidized, but the corrected oxj-gcn-pjTuvate ratio is low. 
The percentage of pyruvate accounted for is only slightly less in free 
parasites than in parasitized eiythrocj-tes. Liberation of the parasites 
from the erj'thi'ocytes results in a greater decrease in the rate of oxygen 
consumption with pyruvate as substrate than in the rate of pjiuvate utili- 
zation. 

In order to determine the fate of the pj-ruvate which is not oxidized to 
acetate or to carbon dioxide and water, analj-ses have been performed 
for glucose, acid-hydrolyzable carbohydinte, lactate, succinate, citrate, 
a-keto acids, and /3-keto acids. However, only very' small amounts of 
citrate and succinate have been found. 


Tricarhoxyltc Acid Cycle 
Pyruvate 
-t 

Oxalacetatc 



Malate 

H-.O 
Pumaratc 

10 .. 

Succinate 
+ CO: 

\ 

\ 
H.O '' 


\ 


\ 10 : 

\ 

\ 


10 : 

\ V 

o-Ketoglutarate 
+ CO: 


H:0 


crs-.Aconitat elicit rat e 
1 ■ -tCO: 

. I 

t t H.O 

; i 

Isocitratc 

10 , 

Oxalosuccinaxc 
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Oxidation of Pyruvate through Tricarboxylic Acid Cycle 

On the basis of extensive investigations, Krebs (4) has proposed a 
mechanism for the complete o.xidation of pyruvate which he iias called the 
tricarbox 3 dic acid cycle. This mechanism is represented in the accompany- 
ing diagram. Summation of all the individual reactions of the cycle gives 
the equation for the complete oxidation of pyruvate. 

C3H4O3 -p 210; — > 3 CO; -f- 2H;0 

The experimental work upon which the tricarboxylic acid cycle is based 
was performed largely with minced pigeon breast muscle. Krebs (4) 
has listed the fundamental observations which support the tricarboxylic 
acid cycle mechanism: (1) All the component acids of the tricarboxylic 
acid cycle are rapidly metabolized by minced pigeon breast muscle. (2) 
These acids catalyze the oxidation of pyruvate when added to the minced 
muscle in small amounts. (3) Citrate and a-ketoglutarate are formed 
from pyruvate and dicarboxylic acids. (4) Pyruvate oxidation is inhibited 
by malonate (a specific inliibitor of succinic dehydrogenase) and in the 
presence of malonate succinate is oxidatively formed from fumarate and 
pyruvate. 

We have perfoimed similar experiments with preparations of Plasmodium 
gallinaceum which indicate that pyTOvate is oxidized by means of a tri- 
carboxylic acid cycle in this organism. 

Utilization of Acids of Tricarboxylic Acid Cycle by Parasite Preparations— 
Addition of a-ketoglutarate, succinate, fumarate, malate, or oxalacetate 
to free parasites causes an increase in oxygen consumption of the same 
order of magnitude as that produced by the addition of an equivalent 
quantity of pyruvate (Table A^I). exs-Aconitate causes a smaller increase 
in oxygen consumption, and added citrate lias veiy little effect at all, even 
in the presence of high concentrations of magnesium ions. Krebs (4) 
has found that oxidation of citrate and exs-aconitate in pigeon breast muscle 
is accelerated by a high concentration of magnesium ion in the medium, 
but 0.01 M MgSO^ only slightly increased the rate of oxidation of these 
acids in free parasites. The presence of the enzymes fumarase and acon- 
itase has been established by showing the conversion of fumarate to malate 
and of cxs-aconitate to citrate in free parasites. The enzyme malic dehydro- 
genase, requiring diphosphopyridine nucleotide for its action, was dem- 
onstrated in extracts of free parasites by the dichlorophenol indophenol 
technique (3). 

In parasitized erythrocytes, only pyi-uvate, oxalacetate, succinate, and 
fumarate increase the oxygen consumption (Table VI). The effect of 
oxalacetate may be due in part to its spontaneous decarboxylation to 
pyruvate. It is probable that the other acids fail to penetrate the intact 
erythrocyte in significant amounts. 
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Catalysis of Pyruvate Oxidation by Dicarhoxylic Acids — The ability of 
succinate'and other 4-carbon dicarboxylic acids to catalyze the respiration 
of minced muscle tissue n'as discovered by Szent-Gyorgyi and coworkers 
(36, 37) and confirmed by Stare and Baumann (38). Ivrebs and Johnson 
(39) found that citrate acts in a similar catalj-tic fashion. 

We have found that in free parasites oxidative removal of pj-ruvate is 
catalyzed by a-ketoglutarate, succinate, fumarate, malate, and oxalacetate. 
Typical experiments with malate and a-ketoglutarate are shoum in Table'\TI. 
Addition of dicarboxj’lic acids at a concentration of 0.00033 m to free 


T.^bie VI 

Effect of Acids of Tricarhozylic Acid Cycle on Respiration of Parasite Preparations 
The samples contained 0.6 cc. of parasitized erythrocytes or 1.2 ce. of free para- 
sites (from different samples of blood) and the substrates indicated below in 0.01 
M concentration, in a volume of 3.0 cc. 0.01 M MgSO, was added to all samples 
containing cts-aconitate or citrate. The samples with free parasites all contained 
the cofactor mixture and also 0.00033 m malate when the substrate was pyruvate. 
Gas phase air, temperature 40°, time 60 minutes. The values for parasitized eryth- 
rocytes are from a single typical experiment, while those for free parasites repre- 
sent the average of four experiments. 


i IccTtass in oxyptn consumption c\ er level withoot 




Free parasites 


fer cent 

ter cent 

Pyruvate 

III 

; 167 

Oxalacetate 

51 

1 102 

ci8-,4conitate 1 

0 

44 

Citrate 

0 

16 

or-Ketoglutarate 

8 

88 

Succinate 

18 

96 

Fumarate 

16 

179 

Malate 

1 

201 


parasites oxidizing pjTuvate characteristically causes an increase in oxj-gen 
consumption about twice that required for complete oxidation of the di- 
carboxylic acid. Total pjTUvate utilization is increased and the proportion 
of pyruvate oxidized to acetate is decreased. In the absence of pyruvate, 
the increase in oxygen consumption is less than that required for complete 
oxidation of the dicarboxylic acid. 

Catalysis of pyruvate oxidation by acids of the tricarboxylic acid cycle 
has not been observed in intact parasitized erythrocytes, probably because 
these acids are already present in optimal amounts. 

Formation of Citrate — ^When pyruvate and oxalacetate are incubated 
aerobically with parasitized erythrocytes or free parasites, a small amount of 
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citrate is formed (Table VIII), In these experiments, a bica^bonate^saline 
was used to avoid the clumping of free parasites ivhich occurred when high 
concentrations of oxalacetate were added to suspensions of free parasites 
in phosphate-saline. The formation of citrate could not be increased by 
addition of magnesium or barium ions (40), adenosine triphosphate, mal- 
onate, or a-ketoglutarate (31), by employing a phosphate buffer, or by 
conducting the experiments under anaerobic conditions. In control 
experiments it was found that citrate was formed as rapidly by preparations 
of normal erythrocytes as by preparations of parasitized erythrocytes. 

Table VII 

Catalysis of Pyruvate Oxidation in Free Parasites by Malate and a-KetoglularaU 


The samples contained 1.1 cc. of free parasites, cofactor mixture, and the other 
additions indicated below, in a total volume of 3.0 cc. Gas phase air, temperature 
40°, time 60 minutes. The values are expressed in micromoles. 


Substances added 

Oxygen 

used 

Pyruvate 

used 

Acetate 

fonned 

IVnivate 
usedfcortecied 
for acetate 

None 

7.3 


wm 


1 micromole malate 

8.5 




Change caused by malate 

-M.2 i 

1 

mm 


30 micromoles pyruvate 

14.4 

18.5 

Bn 

7.5 

30 “ “ -f 1 micromole 

19.7 

21.6 

mm 

12.2 

malate 



BH 


Change caused by malate 

-f5.3 

-1-3.1 


-1-4.7 

None 

7.3 




1 micromole a-ketoglutarate * j 

9.1 




Change caused by a-ketoglutarate ; 

-1-1.8 




30 micromoles pyruvate 

14.4 

18.5 

11.0 

7.6 

30 “ “ -f 1 micromole a- 

19.3 

17.6 

8.7 

8.9 

ketoglutarate 





Change caused by a-ketoglutarate 

-f4.9 

-0.9 

-2.3 

-fl.4 


However, since the greater part of the solids in parasite preparations consists 
of the parasites themselves rather than the material present in normal 
preparations, it is likely that the greater part of the citrate found in parasite 
preparations w'as actually formed by the parasites themselves. 

Effect of Malonaie on Pyruvate Oxidation — ^The inhibition of the enzyme 
succinic dehydrogenase by malonate was first reported by Quastel and 
Whetham (41). Subsequent work (36, 42, 43) has confirmed their observa- 
tion and demonstrated a high degree of specificity for the action of this 
inhibitor. Szent-Gyorgyi and coworkers (20, 36) observed that malonate 
inhibited the respiration of pigeon breast muscle and that succinate was 
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formed oiidatively from fumarato in the presence of malonate. Further 
investigations of these effects by Krebs and his associates (22, 39) have 
furnished some of the strongest evidence for oxidation of pjTUvate by the 
tricarboxylic acid cycle. They found that in the presence of malonate 

T.wle VIII 

Formaiion of Citrate in Preparations of Parasitized and Xormal Erythrocytes 
The twoparasite preparations were made from different samples of blood, the two 
normal preparations from a single sample. Washings were carried out with bicar- 
bonate-saline (0.025 St XaHCOa, 0.105 st NaCl, 0.015 si MgSOi, 0.01 si KCl) gassed 
with 5 per cent COj-95 per cent air instead of with phosphate-saline. The samples 
contained 0.8 cc. of parasitized erythrocytes, 1.2 cc. of free parasites, 1J2 cc. of 
intact normal erythrocytes, or 1.0 cc. of solids, obtained by hemolysis of normal 
erythrocytes, 0.025 si NaHCOi, 0.01 si MgSO«, and the substrates indicated below, 
in a volume of 3.0 cc. Gas phase 5 per cent CO.-95 per cent air, temperature 40°, 
time 60 minutes. The figures represent micromoles of citrate formed per hour per 
cc. of intact erythrocytes, free parasites, or solids obtained by hemolysis. 




Citrate fotracd 


Sabstmtes added 

PsrasUe prepantiocs | 

1 Xoroal erythrocyte prcparalioiis 

F^mtUzed 

erythrocytes 

1 

Fret 1 

parasites j 

jDtact 

erythrocytes 

Solids 
obtained by 
besolytis 

Xone 

0.0 

0.1 

0.0 

0.0 

0.01 Ji pyruvate -f 0.02 >i oxal- 
acetate ! 

0.6 

0.6 

0.8 

0.5 


succinate was formed from pyruvate and fumarate according to the equa- 
tion 

Fumarate -f pyruvate -f- 20j — ♦ succinate SCOs -h H:0 

The only satisfactory explanation which has been proposed for this reaction 
is that pyruvate condenses with oxalacetate, formed from fumarate to 
produce a poljmarboxylic acid which is o.xidized to succinate. Evidence 
supporting this view has been cited by Krebs (4). 

In both parasitized erythrocytes and free parasites, the oxidation of 
pyruvate is strongly inlubited by 0.02 m malonate (Table IX). Oxygen 
consumption is inhibited to a greater extent than pyruvate utilization; 
i.e., the oxidation of pyruvate is less complete. As a result of the addition 
of malonate, the proportion of pyruvate oxidized to acetate is increased. 
The greater part of the pyruvate utilized by free parasites in the presence 
of malonate is oxidized to acetate, and the respiratory quotient and oxygen- 
pyruvate ratio approach theory for this process (theoretical respiratory 
quotient 2.0, oxygen-pyruvate ratio 0.5). Thus the mechanism for com- 
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plete oxidation of pyruvate to carbon dioxide and water may be almost 
completely inliibited by malonate. 

The malonate sensitivity of the succinic debj^drogenase of the malaria 
parasites was established by the observation that disappearance of suc- 
cinate added to free parasites is completely inhibited by 0.02 m malonate 
In the presence of malonate, succinate is formed by both parasitized erjrih- 

Table IX 

Effect of Malonate on Pyruvate Oxidation in Parasite Preparations 
The samples contained 1.2 cc. of free parasites and cofactor mixture, orU 5 cc. of 
parasitized erythrocytes (from a different sample of blood), 0 02 siipyruvate, and 
0.02 M malonate, as indicated below , in a volume of 3 0 cc. Gas phase air, tempera- 
ture 40°, time 90 minutes for parasitized erythrocytes and 60 minutes for free para- 
sites. The values are expressed as micromole^ per hour per cc. of parasitized ery- 
throcjdes or free parasites. The corrections for acetate are described in Table V 



1 pArasitizetJ 

1 cytes 

1 Free parasites 

1 

Pj ru\ ate 

Pjruvate 

malonate 

Pyruvate 

Pjruvatc 
■ 1 

malonate 

Oxygen used 

mam 

18.6 

19.8 

m 

Carbon dioxide formed . . 


28.4 

29.5 , 


Pyruvate used 

21.6 

19.0 

18.7 

mm 

Acetate formed 

0 0 

4.1 , 

8.0 ; 

10 1 

Succinate formed 

0.0 

0.0 I 

1.0 

mm 

Respiratory quotient . 

1.27 

1.53 j 

1.49 


Oxygen-pyruvate ratio 

1.73 

0.98 j 

1.06 



% inhibition 


Oxygen used, total 


50 

IHH 

[ 59 

“ “ corrected for acetate 


56 


81. 

Pyruvate used, total 

“ “ corrected for acetate 


12 



1 

31 

1 


wm 


rocyte and free parasites (Table X). A small amount of succinate 
accumulates in the absence of added substrates. Addition of p 5 ’TUvate 
increases succinate accumulation; the amount of succinate formed from 
pyruvate alone is piesumablj' limited by the quantity of dicarboxTlic acids 
present in the parasite prepaiations and available for condensation with 
pyruvate. Fumarate or raalate alone also gives rise to succinate in the 
piesence of malonate; they may be oxidized to oxalacetate, which is 
partially decarbo.vylated to pyruvate, thus forming the other component 
of the condensation reaction. Wien pyiuxmte and a dicarboxylic acid 
are added together, inhibition of oxygen consumption by malonate is 
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reduced or completely abolished, and maximum jdelds of succinate are 
obtained. Under these conditions, the succinate formed in free parasites 
represents 50 to 60 per cent of the pjTUvate and malate utilized. The 
fact that succinate accumulates in free parasites in the absence of malonate 


Table X 

Otidalive Farmalion of Succinate by Parasite Preparations 
The samples contained 1.0 cc. of parasitized erythroej'tes or 1.2 cc. of free para- 
sites and the other additions indicated below, in a volume of 4.0 cc. The substrates 
were added at a concentration of 0.01 m and malonate at a concentration of 0.02 m. 
Fumarate was used as a substrate with parasitized erythrocytes instead of malate 
because it penetrates the erj'throcyte more readily. Gas phase air, temperature 
40°, time 120 minutes for parasitized erythrocytes and 60 minutes for free parasites. 
The values are expressed as micromoles per hour per cc. of parasitized erythrocytes 
or free parasites. The values for succinate actually represent the sum of succinate 
and a-ketoglutarate, since the determinations were carried out after heating the 
samples with acid permanganate to destroy malonate, a procedure which oxidizes 
a-ketoglutarate to succinate (22) . 


Swbslnles added j 

added 

Orysen 

Hied 

Pyrnvate 

used 

Malate 

used 

Socd&ate 

fonned 

Parasitized erythrocytes 

None 

_ 1 

! 14 n 



n.ft 


+ 1 

6.5 



3.7 

Pyruvate . . 


42.3 

17.7 


1.1 


+ ! 

14.5 

17.7 


4.6 

Fumarate. ... 

- 

18.1 



0.0 


+ 

11.3 



3.0 

Pyruvate -f fumarate 

- 

42.7 

i 14.7 


1.0 


+ 

23.4 

1 18.0 


3.9 

Free parasites 

None 1 

— 

5.1 

■i 

IIIH 

0.0 


+ 

1.4 



0.2 

Pyruvate. . ! 

- 

17.1 
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I 0.0 


-h 

10.5 



i 1.5 

Malate 1 


17 1 



? ^ 


+ 

15.7 



4.9 

Pyruvate -p malate 

- 

28.5 

1S.8 

17.6 

10.5 

i 

+ 1 

26.3 

19.0 

17.6 1 

11.5 


mhibitiou of the succinic dehydrogenase suggests that the oxidation of 
succinate may be a limiting step in the oxidation of carbohydrate by free 
parasites. 

It tvas found that malonate inhibits the oxidation of gluccse and lactate 
to approximately the same e.xtent as that of pyrus-ate (Table XI). Tins 






















138 


BIOCHEMISTRY OP MALARU PARASITE. V 


obsen’’ation indicates that these substances are oxidized by the same 
mechanisms as is pyruvate itself. 

Oxidation of Pynwale to Acetate 

Parasitized erythrocytes and free parasites oxidize pyruvate to a volatile 
acid which was identified as acetic acid. Duclaux distillation of concen- 

Tablis XI 

Effect of MalOnalc on Oxidation of Different Substrates 
The conditions were similar to those described in Table IX, except that thi 
experimental period was only 30 minutes. 


Substrate added 

Per cent inhibition of oxygen consumption by 0 02 U malonaU 

Parasitized erythrocytes 

Free parasites 

0.015 M glucose . . 

CO 

35 

0.030 " dZ-lactate 

67 

67 

0.015 " pyruvate 

61 

51 


Table XII 

Effect of Pyruvate Concentration on Acetate Formation 
The samples contained 0.5 cc. of parasitized erythrocytes or 1.0 co. of free para- 
sites (from different samples of blood) and the other additions indicated below, in a 
volume of 3.0 cc. The cofactor mixture and 0.00033 m malate were added to samples 
containing free parasites. Gas phase air, temperature 40°, time 00 minutes. The 
values are expressed as micromoles per hour per cc. of parasitized erythrocytes or 
free parasites. 



Parasitized eo’throci tes 


0 01 M 1 

pyruvate 

0 03 M 1 
pyruvate | 

0 01 M 
p> ruvatc 

0 03 U 

pyruvate 

Oxygen used 

61.5 

61.9 

21.6 

17.4 

Carbon dioxide formed . . | 

76.0 

S0.9 

31.7 

27.1 

Pyruvate used . 

32.4 

41.5 

20.5 

19.6 

Acetate formed . 

0.9 

5.6 

8.4 

10.6 

Respiratory quotient 

1.23 

1.31 

1.47 

1.56 

Oxygen-pyruvate ratio 

1.90 

1.49 

1 

1.05 



trates of the volatile acid indicated that the substance was acetic acid 
slightly contaminated nath lactic acid from the distillation reagent. The 
concentrates gave a strong positive lanthanum nitrate test for acetate (44) 
and gave a positive test for acetaldehyde when heated with calcium formate, 
according to the directions of Feigl (45). 

Free parasites form large amounts of acetate even at low pyruvate con- 
centrations, but appreciable quantities of acetate are produced by para- 
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sitized eiytbrocjdes only when the pjTUvate concentration is high (Table 

XII) . In the presence of malonate, both tj-pes of preparations produce 
acetate at low pyruvate levels (Table IX) . Acetate is formed from pyruvate 
only under aerobic conditions (Table XIII). Dismutation of pyruvate to 
produce lactate, acetate, and carbon dioxide does not occur. The formation 
of acetate from glucose and lactate in free parasites (Table XIII) offers 
further e%’idence for the belief that these substances are o.xidized through 
pyruvate as an intermediate. 

Addition of acetate to parasite preparations causes no change in the 
rate of oxygen consumption, and the acetate does not disappear (Table 

XIII) . It thus appears that acetate is an end-product in the'carbohydrate 
metabolism of the malaria parasite. 

Table XIII 

Formation and Disappearance of Acetate in Parasite Preparations 


The experimental conditions were like those described in Table XII. The values 
are expressed in micromoles per hour per cc. of parasitized erythrocytes or free 
parasites. 


Sabstnte added 

Gxs phue 

j Changt in icttale 

Parasitised erythrocytes 

Free parasites 

None 

Air 

-f-0.9 

0.0 

0.01 u acetate 

(( 

0.0 

0.0 

0.01 " pyruvate 

Nitrogen 

0.0 

0.0 

O.OI " “ 

Air 1 

+0.9 

+10.2 

0.01 " glucose 

<( ' 

+0.3 

+4.5 

0.02 “ dl-lactate 

Ct 

+0.2 

+3.6 


DISCUSSION 

The observations concerning the cofactors for pyruvate oiddation in the 
free parasites are of considerable interest. The finding that manganous 
ions stimulate pyruvate oxidation is in agreement with previous work on 
the participation of manganese in enzyme systems metabolizing pyruvate 
(46), a-ketoglutarate (47), oxalacetate (48), and oxalosuccinate (49, 50). 
The acceleration obtained with adenosine triphosphate suggests that py- 
ruvate oxidation in the parasites is linked with the esterification of inorganic 
phosphate, although this has not been demonstrated directly. The stim- 
ulatory effects of thiamine and diphosphotluamine provide evidence for 
the participation of thiamine in the metabolism of malaria Plasmodia. 
From investigations carried out with enzymes from other sources, it is 
known that diphosphothiamine acts as a coenzyme for the oxidation and 
decarboxylation of pyruvate and other keto acids (51), although the mech- 
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anism of this action is not clear. It is probable that the tivo pyridme 
nucleotides, containing nicotinamide, accelerate pyruvate oxidation by 
serving as coenzymes for the malic and isocitric dehydrogenases ivhich 
participate in the tricarboxylic acid cycle. By enzymic assay (50), we 
have found that the concentration of diphosphopyridine nucleotide in 
free parasites is about 0.00002 m. 

Previous work has demonstrated that other water-soluble vitamins and 
derivatives are involved in the metabolism of malaria parasites. Trager 
(52) has obsenmd that calcium pantothenate favors the survival of Plas- 
modiwn lophurac in vitro, and it has been found that analogues of panto- 
thenic acid, such as pantoyltaurine, exhibit antimalarial activity againstP. 
gallinaceum.^ Trager (52) also obtained positive results with biotin in 
his parasite survival experiments. Ball and his coworkers (53) have 
found that p-aminobenzoic acid has .a strong stimulatory effect on the 
in vitro growth of P. knowlesi, and they have demonstrated the presence 
in this organism of considerable quantities of riboflavin as flavin-adenine- 
dinucleotide. Therefore, at least six water-soluble I'itamins, thiamine, 
nicotinamide, riboflavin, pantothenic acid, biotin, and p-aminobenzoic 
acid, serve some metabolic function in malaria parasites. 

The evidence presented in this paper indicates clearly that the oxidation 
of pyruvate by Plasmodium gallinaceum involves the tricarboxylic acid 
cycle. ."Ml the inteimediate acids of the cycle are readily utilized by the 
parasite, with the exception of citrate and efs-aconitate. No e.xplanation 
can be offered for the relative inertness of these substances; in the case of 
czs-aconitate, at least, it is not due to failure to penetrate the parasite cell, 
since added cfs-aconitate was converted to citrate by free parasites. Catal- 
ysis of pyruvate oxidation can be demonstrated with all the acids of the 
tricarboxylic acid cycle, again with the exception of citrate and m-aconitate. 
The evidence for the formation of citrate from pyruvate and dicarboxylic 
acids is unsatisfactory because of the relatively large formation of citrate 
by normal eiythrocyte preparations. At most only very small amounts 
of citrate seem to be produced by the parasites. In pigeon breast muscle 
Krebs and Eggleston (22) could obtain citrate formation equivalent to 
only about 15 per cent of the fumarate added in the presence of exce^ 
pyruvate. It is now believ'ed that citrate is not a direct intermediate m 
the tricarboxylic acid cj’-cle, but that it may accumulate when utilization 
of the other tricarboxylic acids is slower than their formation. The 
marked malonate inhibition of pyruvate oxidation and the o.xidative for- 
mation of succinate from pyruvate and dicarboxylic acids in the presence 
of malonate provide the strongest evidence for the tricarboxylic acid cycle 
in the malaria parasites. 


* Personal communication from Mr. William Cantrell. 
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The question of the importance of oxidation of pyruvate to acetate is of 
some interest. Acetate was consistently formed from pyruvate by free 
parasites, and acetate formation could be demonstrated in parasitized eryth- 
rocytes and increased in free parasites by the use of high pyruvate con- 
centrations or by the addition of malonate. Catalytic amounts of di- 
carboxylic acids decreased the formation of acetate in free parasites. Two 
possible explanations of these facts may be proposed . The first explanation 
is based on the view that the initial step in the oxidation of pyruvate is the 
formation of a 2-carbon particle (54, 55). Once formed, the 2-carbon unit 
may condense with oxalacetate and be oxidized through the tricarboxylic 
acid cycle, or it may be converted to acetate by unknown mechanisms. If 
the rate of formation of the 2-carbon unit is increased by high pyruvate 
concentrations beyond the capacity of the tricarboxylic acid cycle to oxidize 
it, acetate is formed. Or if the tricarboxylic acid cycle mechanism is 
blocked by malonate, the 2-carbon particle is converted to acetate. It is 
very likely that damage to the enzymic mechanism of the tricarboxylic 
acid cycle in free parasites is responsible for the formation of acetate from 
pyruvate by these preparations. Addition of small amounts of dicarboxylic 
acics, by partially restoring the tricarboxjdic acid cycle' mechan'ism, de- 
creases the proportion of the 2-carbon particle converted to acetate. This 
e.xpl3nation dualizes essentially a competition between two .systems for 
the 2-carbon unit formed from pyruvate, with oxidation through the 
tricarboxylic acid cycle predominating. As an alternative explanation, 
two completely independent pathways of pyruvate metabolism may be 
assumed to exist — one the tricarboxylic acid cycle, and the other the forma- 
tion of acetate, perhaps by a reaction like that described in bacteria by Lip- 
mann (7, 56). These two mechanisms might then compete for the intact 
pyruvate molecule in the manner indicated previously for the 2-carbon 
particle derived from pyruvate. The available data do not make it possible 
to distinguish between the two schemes in the malaria parasite. However, 
it 'is unVikely that acetate formation is an important metabolic pathway 
under physiological conditioas, i.c. in malaria parasite utilizing glucose 
while within the intact erythrocyte. 

The metabolic similarities and differences displaj'ed by parasitized 
erythrocytes and free parasite desers-e some mention. The glymolytic 
activity- of the parasite is the same whether they- are in the intact erythro- 
cyte or are free. Malonate inhibition of pyruvate oxidation and formation 
of acetate from pyruvate under suitable conditions can be demonstrated 
with both types of preparations. However, in contrast to the free parasite, 
intact parasitized erythrocy-te do not readily oxidize certain acids of the 
tricarboxydic acid cycle (malate, a-ketoglutarate, and cfs-aconitate), do 
not show an acceleration of py-ruvate oxidation by- dicarboxylic acids and 
other cofactors, and do not form acetate at low concentrations of pyruvate. 
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These differences can be explained by three factors. First, substances 
such as phosphorylated compounds, tricarboxylic acids, and dicarboxylic 
acids with extra polar groups (malate or a-ketoglutarate) may not be able 
to penetrate the crythroc 3 ’-to bccarise of the relative impermeability of the 
erythrocyte to higlily polar substances (57). Second, intact parasitized 
erythrocytes may contain adequate quantities of dicarhoxylic acids and 
other cofactors, but these substances may be lost when the erythrocytes 
are destroyed and the parasites washed extensively. Third, the enzjnnic 
mechanism of the tricarboxylic acid cycle may be damaged in the process 
of isolating the free parasites ; in particular, the mechanism for the o.\idation 
of succinic acid seems relatively inactive. 

A common pathway for the oxidation of glucose, lactate, and pyruvate 
by the malaria parasite is indicated by the malonate inhibition and acetate 
formation observed in the oxidation of all three substances. Accordingly, 
it is now possible to indicate the following pathway for carbohydrate 
utilization by these organisms: glucose is converted to pyruvate by a 
typical phosphorylating glycolytic mechanism; the pyruvate is oxidized 
to carbon dioxide and water through the tricarboxylic acid cycle or is 
reversibly reduced to lactate. Even under aerobic conditions, lactate 
accumulates during the gljmolysis of glucose. This fact suggests that 
dihydrodiphosphopyridine nucleotide formed during glycolj'sis is reoxidized 
more rapidly by pyruvate than by the hydrogen transport systems leading 
to molecular oxygen. The lactate formed in this manner is subsequently 
reoxidized to pyruvate. There may be other pathways for utilization of 
pyruvate by the parasites, but, with the exception of the conversion of 
pyruvate to acetate under certain conditions, these have not yet been 
demonstrated. 


SUMMARY 

1. A method employing specific hemolytic serum for the preparation of 
free malaria parasites from chicken blood infected with Plasmodhun 
galUnaceum is described. 

2. Free parasites oxidize pyruvate at a maximum rate only in the 
presence of dicarboxylic acids such as succinate, thiamine or diphospho- 
thiamine, diphosphopyridine nucleotide, triphosphopyridine nucleotide, 
adenosine triphosphate, and manganous ions. Intact parasitized erythro- 
cytes do not require cofactors. 

3. The ability of free parasites to oxidize various substrates is about 
h plf that of parasitized erythrocytes. 

4. Pyruvate is o.xidized almost completely to carbon dioxide and water 
by parasitized erythrocytes, but with free parasites appreciable quantities 
of acetate are also formed. 
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5. The parasites utilize succinate, fumarate, malate, oxalacetate, cfs- 
aconitate, and a-ketoglutarate; the oxidation of pjTuvate is catalyzed 
by the dicarboxjdic acids and is strongly inhibited by malonate, with the 
accumulation of succinate. It is concluded that the mechanism for 
complete o.xidation of pyruvate involves the tricarboxj’lic acid cj'cle. 

6. Parasitized erjdhrocj'tes oxidize pjTUvate to acetate only at high 
concentrations of pj'ruvatc, while free parasites form acetate at lower py- 
ruvate concentrations. Malonate inhibition increases acetate formation 
in both preparations. Added acetate is not utilized. 

7. 0.xidation of glucose and lactate by the parasites gives rise to acetate 
and is inhibited by malonate. It is concluded that these substances are 
oxidized by the same path as pjTUvate, 

These studies were made possible by the generous cooperation of the 
members of the Department of Bacteriologj' and Parasitologj'. The 
infected birds were obtained through the courtesy of Mr. William Cantrell; 
we are indebted to Dr. L. G. Taliaferro for the d escription of the microscopic 
appearance of the free parasites; and Dr. William Burrows contributed 
valuable ad\-ice concerning the preparation of hemolj’tic sera. 

Some of the materials used in this work were furnished by Dr. Birgit 
Vennesland, Dr. Milton Silverman, and Merck and Company, Inc. We 
also wish to thank hir. Charles Dupee for assistance in the preparation of 
hemolytic sera. 
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Little is known concerning the nitrogen metabolism of the malaria 
parasite or of its nitrogen requirements, Christophers and Fulton (1) 
have made limited ohseirations regarding these questions, but no s^te- 
matic studies have been published. 

Since the erj’throcj-tic forms of the malaria parasite rap.’dlj' increase in 
size and number in the blood of infected animals, the requirement of 
nitrogen for the synthesis of parasite protein is undoubtedly great. The 
hemoglohin of parasitized erythrocj’tes is a readily available source of 
nitrogen for the parasites, and the presence of large amounts of hematin in 
infected erythrocytes (2) suggests that the malaria parasite has L e ability 
to break down hemoglobin during the course of its metabolism. 

The results of the present investigation support such a view. It was 
found that large amounts of amino nitrogen are liberated during the in 
vitro incubation of chicken erythrocytes infected with Plasmodium gal- 
linaceum. Furthermore, cell-free e.xtracts of the malaria parasites them 
selves have been prepared which hydroRze added hemoglobin or globin. 

Methods 

Parasite Preparations — Parasitized erythrocytes were prepared as de 
scribed in Paper V (3). Unless otherwise specified, the phosphate-saline 
used in washing the erythrocy-tes contained 0.1 per cent glucose. 

Cell-free extracts of Plasmodium gallinaceum were prepared by methods 
resembling those already described (4). All operations were carried out 
in a cold room at 0°. Parasitized eiythrocydes, prepared as indicated 
above, were mixed with 2 volumes of water and shaken several times during 
a period of 15 minutes. At this time, hemolysis was complete, and tonicity 
was restored by the addition of 0.1 volume of 7 per cent sodiiun chloride. 
The parasites, which had undergone little cjdolysis during treatment with 

* The work described in this paper was done under a contract, rcconunended by 
the Committee on Medieal Researeh, between the OfSee of Scientific Research and 
Development and the University of Chicago. This work was also supported in part 
Ly grants from the Dr. Wallace C. and Clara .A. Abbott Memorial Fund of the Uni- 
versity of Chicago. 
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V’Rtcr, were centrifuged down at 2000(7 and washed four times ivith 5 to 8 
volum&s of Ca-free phosphate-saline containing 0.1 per cent glucose by 
centrifugation at 2000(7 for 10 minutes. This washing removed almost all 
of the hemoglobin from the preparation. Powdered Pyrex glass (100 mesh) 
was then added to the parasites until a thin paste was formed, and the 
mixture was ground in a smaU bacterial mill (5). After grinding, the 
parasite material was shaken continuously for 30 minutes with 1 volume of 
water. The mixture was centrifuged 15 minutes at 2000g, and a super- 
natant liquid 'ivas obtained which contained the parasite proteinases in 
solution. The appearance of the extract varied from dark and cloudy to 
faint pink and almost clear without relation to the proteinase activity. 
Microscopic examination showed the absence of intact parasites. The 
extract showed only faint traces of hemoglobin, when examined with 
a hand spectroscope. 2 cc. of cell-free extract represent the material 
extracted from approximately 1 cc. of parasitized eiythrocytes. 

Analytical Methods — Amino nitrogen was determined on tungstate 
filtrates by the colorimetric method of Frame, Russell, and Wilhelmi 
(6, 7). In some experiments, amino nitrogen was determined both by 
the colorimetric method and by the specific ninhydrin method of Hamilton 
and Van Sly'^ke (8). The values obtained with these two methods checked 
vithin reasonable limits. Since parasitized erythrocydes often produced 
appreciable quantities of ammonia, the method of Frame et al. was modified 
for use in the presence of this interfering substance. It was necessary to 
remove the ammom'a because it gave highly variable results in the colon- 
metric amino nitrogen method, and suitable corrections could not be 
applied. After it was found that short periods of aeration failed to re- 
move all of the ammonia from the amino nitrogen samples, a method of 
vacuum distillation was adopted which was similar to the procedure used by 
Archibald (9) for the microdetermination of ammonia. The following 
modified amino nitrogen method was used in all of the experiments de- 
scribed in this paper. The determinations were carried out in 25 X 200 
mm. Pyrex test-tubes graduated at 5 and at 15 cc. Appropriate aliquots of 
the tungstate filtrates were added to the graduated tubes and neutralized 
to phenolphthalein, as in the original procedure. After the neutralized 
aliquots were diluted to 5 cc., 3 drops of 0.1 N NaOH were added to each 
tube to bring the pH to about 10.0 to 10.5. A 2-hole rubber stopper carry- 
ing a fine capillary extending almost to the bottom of the tube and an outlet 
tube of 10 mm. diameter was placed in each tube. The tubes were then 
placed in a water bath at 60° in groups of four. By means of suitable 
manifolds, the capillaries were connected to a sulfuric acid trap open to the 
air, and the outlet tubes were connected to an efficient water aspirator. 
The capillary openings were of such a diameter that when four tubes were 
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connected to one aspirator, a pressure of about 50 mm, of mercury vras 
produced. At 50 mm. pressure and 60° external temperatmre, the con- 
tents of the tubes boiled rapidly, bumping being prevented by the fine 
stream of air entering from the capillaries. Depending upon the exact 
dimensions of the apparatus, 2 to 4 cc. of vrater distilled from each tube in 
5 to 10 minutes, carrying all of the ammonia with it. A trial run served to 
indicate the exact distillation time necessary for complete removal of am- 
monia. At the end of the distillation, the vacuum was released and the 
tubes were removed from the bath. The capillary was washed with 1 cc. 
of water, and the tube walls were rinsed down with sufficient water to bring 
the volume back to 5 cc. The solution was made acid to phenolphthalein 
with a drop of 0.5 n HCl, and 0.1 N NaOH was again added, rmtil a per- 
manent phenolphthalein pink was produced. Color was then developed, 
according to the original directions (6) as modified b}' Russell (7). The 
vacmun distillation removed aU the ammonia and did not alter the amino 
nitrogen content of the samples. The volume of the sample during distill- 
ation must not be allowed to fall below 1 cc. or the phenolphthalein will 
form compounds in the alkaline solution which give color in the final 
sample. 

Ammonia was determined by distillation of tungstate filtrates in a Pregl 
apparatus, followed by nesslerization of the distillates. By this method, 
5 to 20 7 of ammoma could be estimated with a precision of 3 to 5 per cent. 
The tungstate filtrate was measured into a standard Pregl distillation ap- 
paratus, made alkaline with 5 cc. of 10 per cent NaOH, and distilled into 
a 16 X 150 mm. Pyrex test-tube graduated at 10 cc. and calibrated as a 
colorimeter tube. This receiver contained 2 cc. of 1 per cent boric acid. 
When 6 cc. of distillate were collected, distillation was stopped. 1 cc. of 
modified Nessler's reagent (10) was added, and the contents of the tube 
were mixed and diluted to 10 cc. Color was read in an Evelyn photo- 
electric colorimeter with a No. 420 filter against a blank and standards also 
containmg 2 cc. of 1 per cent boric acid. A special sleeve was used to ac- 
commodate the small colorimeter tubes. 

Total non-proiein nitrogen was determined on trmgstate filtrates by use of 
the micro-Kjeldahl digestion procedure of Koch and McMeeldn (11). 
The sulfuric acid used in digestion was neutralized with an eqidvalent 
amount of NaOH and the samples were nessleiized and read as in the 
determination of ammoma. 

Manomctric Methods — Oxygen consumption was measured in a Bar- 
croftr-Warburg apparatus. The center cup of each Warburg vessel con- 
tained 0.2 cc. of 20 per cent KOH placed on a roll of filter paper. Wffien 
anaerobic conditions were desired, a stick of yellow phosphorus was placed 
in the center cup of the vessel, wlaich was fiushed out with tank nitrogen. 
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Preparation of Substrates — Horse oxyhemoglobin was ciystallized by the 
method of Heidelberger (12), recrystallized one time, and dried under re- 
duced pressure at 0°. Chicken hemoglobin solutions were pi’epared from 
well washed chicken erythrocytes by hemolyzing the erythrocytes with 
water, removing the solids by centrifugation, and dialyzing against distilled 
Avater. To obtain denatured globin, the hemoglobin preparations were 
treated with 0.1 n HCl for 5 minutes at room temperature, and the acid- 
denatured globin was precipitated ivith acetone. After e.\haustive ivashing 
with acetone, the globin ivas dried at reduced pressure. "When the acetone- 
dried denatured globin was resuspended in water and neutralized to pH 
G.5, about half of the protein remained in solution. The concentration of 
all protein solutions was determined by micro-Kjeldahl analysis. 

ResiiUs 

Nitrogen Metabolism of Parasitized Erythrocytes 

Formation of Amino Nitrogen and Ammonia — Chicken erythrocytes in- 
fected with Plasmodium gallinaceum^ consistently liberated large amounts 
of amino nitrogen while metabolizing glucose in air, while normal eryth- 
rocytes showed no change in amino nitrogen under identical conditions. 
Neither normal nor parasitized erythrocytes formed appreciable quantities 
of ammonia (Table I). Because of the small quantities involved, positive 
identification of the substances formed during the metabolism of parasitized 
eiythrocytes V'hich were determined as amino nitrogen could not be made. 
However, the data of Table II show that most of the material was a-amino 
nitrogen (ninliydrin carboxyl nitrogen) and that the changes in amino nitro- 
gen accounted for the large fraction of the change in total non-protein 
nitrogen. The rate of amino nitrogen formation generally decreased 
throughout the incubation period, although the rate of oxygen consump- 
tion usually remained constant. 

The average initial rate of amino nitrogen liberation by parasitized 
erjdhrocytes was equivalent to about 1 mg. of amino acids per hour per 
cc. of erythrocjdes. The only proteins of the chicken erythrocyte ivhich 
are present in amounts sufficient to serve as substrates for such a rate of 
hj'drolysis are hemoglobin and nucleoprotein. Although it has not been 
definitely proved, it is highly probable that hemoglobin is the substrate 
from which amino nitrogen is formed by the malaria parasite because large 
depasits of hematin are present in eiy^throcytic parasites (2) and because 
microscopic examination of the nuclei of parasitized chicken eiythrocytes 
does not show evidence of damage or disintegration. 

The production of amino nitrogen and ammonia by parasitized 
erythrocytes is greatly influenced by changes in their environment. The 
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presence or absence of glucose, oxygen, and the antimalarial drugs, quinine 
and atabrine, caused characteristic changes in the nitrogen metabolism of 
the malaria parasite. 

Effect of Glucose — In air and in the absence of glucose, parasitized eryth- 
rocytes consumed oxygen at a slowly declining rate for as long as 4 

Table I 

Formation of Amino Nitrogen and Ammonia by Normal and Parasitized Chicben 

Erythrocytes 

Each Warburg vessel contained 0.4 to 0.7 cc. of chicken crj'throcytes and 0.01 
1 ! glucose in 3.0 cc. of Ca-free phosphate-saline. The center cup of each vessel con- 
tained 0.2 cc. of 20 per cent KOH. All the vessels a-ere shaken in air at 40° for 4 
hours. The values are expressed as micromoles per cc. of erythrocytes. The e.x- 
pression of variation is the average deviation from the arithmetical mean. 



Xormal erythrocytes 
(3 experimenti) 

Poruttized erj'thro- 
cj'tes (6 experxmeflts) 

Amino nitrogen, initial 

21.3 

24.1 

“ final 

22.2 

50.4 

“ “ increase 

0.9 ± 0.7 

26.3 ± 6.5 

.A,mmonia nitrogen, initial 

2.1 

2.6 

“ “ final 

3.1 

3.4 

“ “ increase 

1.0 ± O.S 

0.8 i 1.1 

0.xygen consumption 

9 ±2 

125 ± 25 


Table II 

Changes in Non-Protein Nitrogen Fractions of Parasitized Erythrocyte Suspensions 


The experimental conditions were identical with those described in Table I. 
Air, 40°, 4 hours, O.OI st glucose. The values are e.xpressed as micromoles per cc. of 
erythrocytes. 



Imti&l 

nnol 

Iacre&s< 

Total non-protein nitrogen 

69.6 

i52.0 


Colorimetric amino “ 

32. S 

61.6 


Ninhydrin a-amino “ i 

21.9 

45.4 


Ammonia nitrogen : 

1.3 j 

4.4 



hours. At the same time, large amounts of ammonia appeared. In the 
absence of glucose, the increase in ammonia nitrogen was paralleled by an 
equivalent decrease in the amino nitrogen accumulation as compared with 
a control sample containing glucose; i.e., the sum of the increase in amino 
nitrogen plus ammonia nitrogen was the same in the presence and in the 
absence of glucose (Table III). This equivalence was not fortuitous, but 
was observed each time such an nxperiment was performed. On the basis 
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of these results, it may reasonably be assumed that the malaria parasite 
can deaminate amino acids. 

It is unlikely that the ammonia formed in the absence of glucose was 
produced after the death of the parasite. First, as already mentioned, the 
oxygen consumption of glucose-free suspensions was considerable and 
declined but slowly during the period of observation. Second, after 4 
hours aerobic incubation in the absence of glucose, parasitized erythrocytes 
were almost as infective when injected into 2 Aveek-old chicks as were 
equivalent samples incubated aerobically in the presence of glucose for the 
same time. 


Table III 

Effect oj Glucose on Nitrogen Metabolism of Parasitized Erythrocyte Suspensions 
The parasitize ’ erythrocytes were washed and suspended in Ca-free phosphate- 
saline to which no glucose had been added^ In the samples which were incubated 
without glucose, the glucose solution was replaced by an equal volume of Ca-free 
phosphate-saline. Air, 40°, 4 hours. The values are given as micromoles per cc. of 
erythrocytes. 


0.01 u glucose added 

Amino nitrogen 

1 formed 

i 

Ammonia nitrogen 

1 fonned 

Amino nitrogen 
plus ammonia 
nitrogen fonned 

Oxygen used 

Experiment 1 





•i" 

33.3 

7.7 

41.0 

153 


23.0 

20.0 

43.0 

76 

Experiment 2 





+ 

23.3 

1.4 

24.7 

109 

— 

15.8 

8.4 

24.2 

53 


Effect of Anaerobic Conditions — ^Further investigation of the formation of 
amino nitrogen revealed that the process is not one of simple protein hy- 
drolysis. Under anaerobic conditions, liberation of amino nitrogen by 
parasitized erythrocytes was inhibited 40 to 80 per cent, both in the presence 
and absence of glucose (Table IV). This effect, which is not observed 
during ordinary enzymic hydrolysis of proteins, indicates that the liberation 
of amino nitrogen by the malaria parasite is related in some manner to 
oxidative processes. 

The effect of anaerobiosis upon ammonia production was less pronounced, 
but lack of oxygen definitely prevented the sharp rise in ammonia formation 
caused by the absence of glucose (Table IV). 

Effect of Antimalarial Drugs — ^When added to parasitized erythrocytes, 
quinine and atabrine inhibited the production of amino nitrogen in con- 
centrations as low as 3.3 X 10~® m (Table V). Atabrine consistently in- 
hibited amino nitrogen liberation at all higher concentrations, and the 
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inhibition was proportional to the concentration of atabrine prKent. 
However, the effect of quinine was more complex. At most concentrations, 
quinine inhibited amino nitrogen accumulation to about the same extent as 
did atabrine; but in concentrations of about 1 X 10^* m, quinine character- 
istically caused an increased accumulation of amino nitrogen. One possible 

Table IV 

Effect of Anaerohic Conditions upon Formation of Amino Nitrogen and Ammonia in 
Parasitized Erythrocytes 

The data represent the same experiment aa Experiment 2 of Table III. The 
anaerobic conditions were obtained by introducing nitrogen into the vessels and by 
placing yellow phosphorus sticks in the center cups. 40®, 4 hours. The values are 
given as micromoles per cc. of parasitized erj’throcytes. 


0.01 If clucos« 
added 

Fraction 

1 Amount formed is ^ 

1 

Inhibition 

Air j 

Nitrogen 

nitrosen 

+ 

Amino nitrogen 

23.3 

1 

4.2 

82 

+ 

Ammonia nitrogen 

1.4 

3.3 

-120 

— 

Amino nitrogen 

15.S 

3.7 

80 

— 

Ammonia nitrogen 

8.4 j 

3.0 

64 


Table V 

Effect of Quinine and Atabrine on Formation of Amino Nitrogen in Parasitized 

Erythrocytes 

The experiment was carried out under the conditions described in Table I. 
Quinine and atabrine were used as the dihydrochlorides to which 1 .5 equivalents of 
KaHCOj solution saturated with CO- had just been added. Air, 40°, 4 hours, 0.01 
M glucose. The control production of amino nitrogen was 21 .7 micromoles per cc. 
of erythrocytes. 


Concentration of inhibitor 

Inhibition produced 

Qaininc 

Atabrine 

J/ 

fer emt 

per ctr.I' 

1.0 X 10-> 

67 

65 

3.3 X 10-* 

54 

46 

1.0 X 10-* 

-19 

31 

3.3 X 10-* 

18 

21 


explanation of this unexpected observation is discussed in the final section 
of the paper. 

Quinine and atabrine effectively inhibited amino nitrogen formation in 
concentrations lower than those necessarj' for any in vitro effect other than 
the mhibition of the oxj’gen consumption of parasitized erythrocytes (13). 
The lowest concentrations of quinine and atabrine (3 X 10~* m) which 
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inhibited amino nitrogen production were only slightly higher than the 
concentrations of these antimalarials in the erythrocytes of chickens re- 
ceiving therapeutically effective dosages (14, 15). 

Coupling of Protein Hydrolysis with Oxidative Processes of Malaria 
Parasite — ^The sensitivity of amino nitrogen production to anaerobic con- 
ditions and to antimalarial drugs suggests that these effects are brought 
about only indirectly, and that the primary effects are upon oxidative 
processes, which, in some manner, are necessary for a maximum rate of 
protein hydrolysis in the malaria parasite. 

Proteinase Activity of Ccll-Fr.ee Extracts of Malaria Parasite 

The hypothesis just suggested was tested by studying protein hydrolysis 
in cell-free extracts of the malaria parasite. In such a simplified, non- 
respiring system any effect of anaerobiosis or of quinine and atabrine upon 
protein hydrolysis would indicate a direct effect upon the parasite pro- 
teinases themselves. Conversely, the failure of these factors to influence 
the rate of protein hydrolysis in cell-free extracts would constitute evidence 
for the existence of an oxidative coupling mechanism in the intact malaria 
parasite. 

Characteristics of Proteinase System in Cell-Free Extracts — Cell-free ex- 
tracts of Plasmodium gallinaceum, prepared as described earlier in the paper, 
contained an active proteinase or system of proteinoses. Proteinase activ- 
ity Avas measured in terms of amino nitrogen liberation. In the presence 
of excess substrate, the rate of protein hydrolysis was linear for at least 3 
hours (Fig. 1, i4) and was proportional to the amount of cell-free extract 
present (Fig. 1, B). The activity of the extracts was somewhat higher at 
pH 6.5 than at pH 7.4, and the experiments were carried out at the more 
acid pH. 

In the absence of added substrate, little protein hydrolysis occurred. 
Added horse hemoglobin was split very slowly or not at all, but acid- 
denatured horse globin Avas rapidly hydrolyzed (Table VI). A more 
rapid rate of hydrolysis of denatured protein than of native protein is 
frequently observed in enzymic hydrolysis (16), and this behavior should 
not be interpreted as a peculiar property of the parasite proteinases. 
Chicken hemoglobin and globin, the proteins available to Plasmodium 
gallinaceum in its avian host, AA-ere hydrolyzed at the same rate as Avere 
horse hemoglobin and globin. 

The addition of cofactors such as cyanide or manganous salts, AA’hich are 
often necessary for the actmty of intracellular proteinases, caused no in- 
crease in the proteinase actmty of the parasite extracts. In fact, both 
these substances werp strongly inhibitory. 

The cell-free extracts consumed no oxygen and produced no ammonia, 
either in the presence or absence of globin or of dZ-alanine. 
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Fig. I. Hydrolysis of denatured horse globin by cell-free extracts of the malaria 
parasite; (A) the effect of time of incubation upon rate of hydrolysis; (B) the effect 
of concentration of cell-free extract upon rate of hydrolysis. Small test-tubes were 
filled with 1.0 cc. of cell-free extract (or extract plus sufficient water to make 1.0 cc.), 
0.25 cc. of 0.1 II phosphate buffer, pH 6.5, and 0.25 cc. of denatured horse globin so- 
lution. pH 6.5, containing 2(X) micromoles of total nitrogen. A drop of toluene was 
added to each tube and all were incubated at 40° for the times indicated in A and for 
2 hours to obtain the values given in B. Protein hydrolj-sis was measured in terms 
of increase in amino nitrogen. 


Tabu VI 

Proteinase Activity of Cell-Free Extracts of Malaria Parasite 
1 .0 cc. of cell-free extract and 0 .25 cc. of 0.1 si phosphate, pH 6.5, were incubated 2 
hours at 40°. Hemoglobin and globin were added in amounts of 200 micromoles of 
total nitrogen. The values are expressed as micromoles of amino nitrogen per cc. 
of extract and represent the average of five experiments. 


Amino nitrogtD 

Substrates added 

None 

-a) 

Native borse hemo- 
globin 
(2) 

Denatured horse 
globin 

(3) 

Initial 

0.66 

0.66 

0.85 

Final . . . 

1.02 

1.41 

7.16 

Increase 

1 0.37 

0.75 

6.31 

S.D 

0.30 

0.47 

1.51 

p* 


0.05-0.10 

<0.01 


* P is a measure of the probability that the difference between two sets of meas- 
urements (here (1) and (2) and (1) and (3)) is due only to chance s-ariation; i.e., a P 
of 0.01 indicates that only one time in 100 will the difference between two sets of 
measurements be due solely to chance. 

Effect of Anaerohiosis and of Antimalarials — In sharp contrast to amino 
nitrogen formation in intact parasitized erythrocytes, the liberation of 
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amino nitrogen by cell-free extracts was not decreased under anaerobic 
conditions (cf. Tables IV and VII). 

In concentrations of 1 X 10"^ m, quinine and atabrine significantly in- 
hibited the activity of the parasite proteinase (Table VII). Lower con- 
centrations of antimalarials were without effect. Thus amino nitrogen 
production in cell-free extracts is markedly less sensitive to quinine 
and atabrine than is amino nitrogen formation in parasitized erythrocj’-tes 
{cf. Tables V and VII). 

It is of interest that crude papain activated with cyanide was completely 
insensitive to 1 X 10~® m quinine and atabrine when tested under the 
conditions described in Fig. 1. 


Table VII. 

Effect of Anaerobic Conditions and of Antimalarial Drugs upon Hydrolysis of 
Denatured Globin by Cell-Free Extracts 

The conditions were the same as in Table VI. Denatured horse globin was used 
as the substrate. The anaerobic samples were incubated in Thunberg tubes con- 
taining sticks' of yellow phosphorus in the.bulbs. The tubes were evacuated and 
refilled with nitrogen to atmospheric pressure. 2 hours, 40°. 


Inhibitor 

Inhibition of amino nitrogen 
formation 

Anaerobic conditions 

per cent 

3 

Quinine, 1.0 X 10~^ m 

28 

“ 1.0 X io-< “ 

3 

“ 1.0 X 10-' “ 

0 

Atabrine, 1.0 X 10“^ 

25 

“ 1.0 X io-< “ 

3 

“ 1.0X10-'“ 

0 


Relation of Studies on Cell-Free Extracts to Problem of Oxidative Coupling — 
The lack of inhibition of protein hydrolysis in cell-free extracts under anaer- 
obic conditions indicates that the effect of oxygen lack upon amino nitrogen 
formation in parasitized erythrocytes is not directly upon the proteinases 
involved. This constitutes direct evidence for the view that protein hy- 
drolysis is coupled with oxidative reactions in the intact parasite. The 
difference in sensitivity of parasitized erythrocytes and cell-free extracts to 
■quinine and atabrine also suggests the existence of such a coupling. 

DISCUSSION 

In the intact parasite, increase in amino nitrogen represents the difference 
between the rate at which the protein of the host is hydrolyzed and the rate 
at which new parasite protein is synthesized. Any factor which alters the 
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rate of either process ■svill therefore change the amount of amino nitrogen 
vhich accumulates. Protein synthesis in the malaria parasite has not been 
studied, but it is probable that the inhibitory effect of anaerobiosis and of 
the antimalarials upon amino nitrogen formation is due to inhibition of 
protein hydrolj'sis, since it is unlikely that either anaerobiosis or the anti- 
malarials would accelerate the rate of parasite protein synthesis. The 
stimulation of amino nitrogen formation produced by certain concentrations 
of quinine (Table V) may result from a differential effect upon the above two 
processes. If 1 X 10“^ Ji quinine inhibits the rate of parasite protein 
synthesis to a greater degree than it does the rate of host protein hj-drolysis, 
then the observed increase in amino nitrogen accumulation might bepro- 
duced. 

The linking of protein h 3 ’drolyTsis with oxidative reactions demands ex- 
planation, since the h 3 ’drol 3 -sis of peptide bonds is an exergonic process 
needing no such energetic coupling. However, oxidative energ 3 ' may be 
needed for other processes intimately associated with hydrolysis of protein 
by the malaria parasite. For example, if hemoglobin does not penetrate 
the cell membrane of the parasite, the proteinases must then be secreted 
into the cytoplasm of the erydhrocyte before h 3 'drolysis occurs. Under 
these conditions, oxidative energy may be necessary for secretion of the 
proteinases into the er 3 'throc 3 'te. In homogeneous cell-free extracts, such 
a coupling would be urmecessary and none is observed. Several other 
similar e.\planations might equally well be offered. 

Since oxidation of carbohydrate is a major process in the aerobic 
metabolism of the malaria parasite (13), and since oxidation of carboh 3 'drate 
is sensitive to low levels of quinine and atabrine (13), it is logical to assume 
that protein h 3 'drolyBis in the intact parasite is coupled in some matmer with 
carbohydrate oxidation. One observation difficult to reconcile with this 
assumption is that amino nitrogen production under aerobic conditions is 
not decreased in the absence of glucose from the medium. However, 
recent work (3), which indicates that the as yet unknown substance re- 
sponsible for the respiration of parasitized erythrocytes in the absence of 
added substrate is oxidized over the same pathways as is glucose, makes 
this objection more apparent than real. 

Although it is probable that hemoglobin is the protein hy'drolyzed in 
parasitized erythrocytes, cell-free extracts of the malaria parasite hydrolyze 
hemoglobin at a slow and insignificant rate. In contrast, these extracts 
rapidly hydrolyze denatured globin. It is suggested as a tentative hy- 
pothesis that another enzynne system, present in intact parasites but absent 
from extracts, splits hemoglobin into heme and globin. Non-enzymic 
splitting of hemoglobin often results in the formation of denatured globin 
(16), and enzymiic cleavage may' also be accompanied by- denaturation. 
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The denatured globin so formed may then be hydrolyzed by the enzymes 
present in the cell-free extracts and part of the liberated amino acids used 
for the synthesis of parasite protein. 

The results of this investigation, together with the observations reported 
in other papers of this series (3, 4), may be summarized in a schematic rep- 
resentation of our present knowledge of the metabolism of the malaria 
parasite Plasmodium gallinaceum (reactions which have not been exper- 
imentally demonstrated are indicated by broken arrows). 


Protein of erythrocytes 


^ parasite protein 


\ 


amino acids 


Hemoglobin >globin^ 

-f hcmatin 




ammonia 


Coupling between protein hydrolysis and oxidations 


Oj 


Glucose »pyruvic acid- 

11 

lactic acid 


-^COs + HsO 


t 


Site of action of 
quinine and atabrine (7) 


SUMMARY 

1. Chicken erythrocytes, parasitized with the malaria parasite Plas- 
modium gallinaceum, produce large amounts of amino nitrogen when in- 
cubated in air in the presence of glucose. When glucose is absent from the 
medium, much of the amino nitrogen appears as ammonia. 

2. Normal chicken erythrocytes form only small amounts of either amino 
nitrogen or ammonia. 

3. The production of amino nitrogen by parasitized erythrocytes is 
strongly inhibited by anaerobiosis and by low concentrations of quinine 
and atabrine. 

4. Cell-free extracts of malaria parasites hydrolyze native hemoglobin at 
a very slow rate and split denatured globin at a much faster rate. 

6. Production of amino nitrogen from denatured globin in cell-free ex- 
tracts is not inhibited by anaerobic conditions and is inhibited only by 
relatively high concentrations of quinine and atabrine. 

6. It is suggested that in the intact malaria parasite hydrolysis of protein 
is in some way linked to oxidative processes. 
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The infected chickens used in these experiments were kindly furnished 
by Mr. William Cantrell of the Department of Bacteriologj' and Par- 
asitologj'. 
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AIMING ACID COMPOSITION OF SEED GLOBULINS 
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(From 0ie Biological Lahoralories , E. R. Sguihb and Sons, A'^eio BrunstncI) 

(Received for publication, April 8, 1946) 

Several years ago it ■was suggested that the crystalline globulins of the 
seeds of some of the Cucurbitaceae might provide a substitute for edestin 
for many types of ivork because of the doubtful availability of hemp-seed 
for future investigations (1, 2). With the use of the recently developed 
microbiological methods for amino acid analysis, it is now possible to extend 
our knowledge of the composition of these proteins. Estimations of the 
leucine, valine, and phenylalanine content have accordingly been made 
together with a reinvestigation of the tryptophane content. In this work, 
the globulins of pumpkin and squash {Cucurhila moschaUt and Cvcurbita 
maxima), watermelon CCilmllus mlgaris), cucumber (Cucumis saiivus), 
and, for comparison with these, edestin of hemp-seed and the crj'stalline 
globulin of tobacco seed have been studied. The proteins used in this 
investigation were all tnice crystallized as described earlier, and in several 
instances were the identical preparations which had been analyzed prerd- 
ously (2). The data presented below are for the anhydrous ash-free pro- 
teins. All of these preparations are free of carbohydrate as determined 
by the orcinol reaction. 

Leucine, Valine, and Phenylalanine Deleminatione — These amino acids 
were estimated by the microbiolo^cal method of Schweigert, Alclntire, 
Elvebjem, and Strong (3) with Lacldbacillus arabinosus 17-5. Hydrolysates 
were prepared by adding 40 cc. of 2 m HCl to 200 to 500 mg. of protein and 
autoclaving at 120° for 5 horns. The neutralized solutions were then 
assayed by comparison with standard amino acid growth tubes. For each 
hydrolysate, the average of several measurements at different growth levels 
is reported as a single determination. It was foimd earlier (4) that reliable 
estimations for these three amino acids were obtained by the above pro- 
cedure, as judged by the agreement of our results and those of Brand (5) 
on human y-globulin. The data are presented in Table I. 

Our value for the leucine content of edestin is in close agreement nith 
that of Brand, Ryan, and Diskant (6) who found 7.4 per cent and that of 
Fromageot and Mourgue (7) who obtained 7.31 per cent. The latter 
mvestigators also reported 5.7 per cent valine in edestin. Our results differ 
considerably from those obtained by Hegsted (8) who reported 5.4 per cent 
leucine, 4.2 per cent phenylalanine, and 4.7 per cent valine. Emdence 

* Present address. School of Medicine, University of Utah, Salt Lake City. 
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that the latter determination is too low is also furnished by the work of Van 
Slyke and Levene (9) who actually isolated 5.6 per cent valine from this 
protein. By the Fischer ester method, Osborne and Liddle (10) obtained 
3.09 per cent phenylalanine from cdestin. Kapeller-Adler (11) found 3.9 
per cent phenylalanine by a colorimetric method. 

For the three amino acids recorded in Table I, there have been only a 
few analyses made on the cucurbit proteins. It is not without interest 
that in 1883 Schulze and Barbieri (12) isolated phenylalanine from squash 
seed globulin hj’^drolysate, thus providing the first demonstration that this 
amino acid is a protein constituent. Osborne and Clapp (13) isolated, 
by the ester method, 3.3 per cent phenylalanine and 0.3 per cent valine 
from a squash seed globulin. By a colorimetric method, Hess and Sullivan 
(14) found 5.8 per cent phenylalanine in squash seed globulin, a result 


Table I 

Leucine, Valine, and Phenylalanine Content of Seed Globulins 


1 

Leucine 1 

Valine | 

Phenylalanine 

Protem 

No. of 
determi- 
nations 

Content 

No. of 
determi- 
nations 

Content 

No. of 
determi- 
nations 

Content 



per cent 


per cent 


per cent 

Edestin.. 

4 

7.43 ± 0.11 

4 

6.63 ± 0.12 

4 

5.45 ± 0.18 

Pumpkin. . 

2 

8.01 ± 0.00 

4 

6.50 ± 0.11 

4 

7.19 ± 0.08 

Squash 

2 

7.99 ± 0.27 

4 

6.45 ± 0.25 

4 

6.76 ± 0.23 

Watermelon.. . 

2 

7.53 ± 0.20 

4 

6.37 ± 0.11 

4 

7.70 ± 0.12 

Cucumber,. . . 

2 

9.05 ± 0.00 

i 2 

6.96 ± 0.10 

2 

6.49 ± 0.11 

Tobacco. 

2 

10.5 ± 0.2 

I 2 

1 

6.72 ± 0.16 

1 

2 

5.70 ± 0.00 


somewhat lower than that obtained by the microbiological assay. To the 
best of our knowledge, there have been no previous analyses of tobacco 
seed globulin for these amino acids. 

Tryptophane Content of Cucurbit and Tobaceo Seed Globulins — The trypto- 
phane content of these proteins has previously been evaluated by both 
colorimetnc and microbiological methods. However, since these earlier 
results were obtained on the hydrolyzed protein, it was of interest to com- 
pare these values with those obtained by the Bates method (15) on the 
unhydrolyzed protein. These determinations were performed exactly as 
described by Sullivan and Hess (16) by use of either a visual or a photo- 
electric colorimeter in conjunction with a filter having a broad transmission 
of about 525 m/i and comparison with tiyptophane standards; the two 
methods gave identical results with samples of protein which contained 
about 0.5 mg. of tryptophane. It has already been shonm that this method 
gives values in agreement with those obtained on hydrolyzed proteins by 
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cither chemical methods (Sullivan and Hess (16)) or microbiological assaj's 
(Smith, Greene, and Bartner (4)). 

The data presented in Table II show that the results obtained by the 
different methods of tryptophane determination are in good agreement, 
although the results obtained b}* the Folin-Marenzi method are generally 
lower. This is particularly true for the cucimiber seed globulin in which 
the lowest value is probably erroneous, as judged by the agreement between 
the results of the other two methods. Sullivan and Hess found 1.69 per 


T.^ble II 

Tryptophane Content of Cucurbit and Tobacco Seed Globulins 
The numbers in parentheses refer to bibliographic citations. 


Protfin 

Bites method 

1 (uahydfolyttd) 

ilicrobiological 

(Bi(OH), 

hvdrolyjts) method 

FoUn-Marenzi method 


per cent 

cent 

per cent 

Squash {Cucurbita sp.) 

1.76 ± 0.06 

1.76 (17) 

1.69 (2), 1.71 (16) 

Watermelon 

1.00 ± O.OS 

1.S7 (17) 

1.79 (2), 1.86 (18) 

Cucumber 

1.92 ± O.OS 

1.91 (17) 

1.71 (2) 

Tobacco 

1.51 ± 0.01 

1.49 (17) 

1.41 (2) 


Tabpe III 

Tryptophane Content of Edestin 


Preparation 

llicrobiological method 

Bates method 


per eert 

per cent 

A 

1.2S i 0.04 

1.21 ± 0.03 

B 

1.25 =t 0.02 

1.23 ± 0.02 

C 

1.24 ±0.01 

1 

1.23 ± 0.02 


cent tryptophane for squash seed globulin by the Bates method on the 
unhydrolyzed protein. 

Tryptophane Content of Edeslin — This protein has been repeatedly ana- 
lyzed for tryptophane with the Folin procedures and their modifications, 
and consistent values of 1.45 to 1.52 per cent have been obtained by many 
different investigators (19, 2). However, we have formd that, by micro- 
biological assay and by estimation with the Bates method, the tryptophane 
content of edestin is 1.24 per cent. The colorimetric procedures were 
performed on the unhydrolyzed protein, as described above. The micro- 
biological assays were performed by the procedure of Greene and Black 
(17) with Lactobacillus arabinosus 17-5 on protein hydrolyzed by Ba(OH);; 
the values obtained were multiplied by 2, assunung complete racenrization 
during the hydrolj-sis. The results are given in Table III. 















162 


AMINO ACIDS OP SEED GLOBDDINS 


Each of the microbiological values given is the average of at least four 
separate determinations; i.e., independent hydrolyses tested at several 
different growth levels. Likewise, each of the results given for the Bates 
method represents many determinations mostly performed wdth the photo- 
electric colorimeter. We are indebted to Dr. H. B. Vickery for suppljdng 
us with two of the preparations used : Preparation A which w'as a mixture of 
several preparations made by the late T. B. Osborne and dated 1914, and 
Preparation B which was prepared in 1928 and is the same preparation 
which had been analyzed for arginine (Vickeiy (20)) and histidine (Vickeiy 
and Wintemitz (21)). Preparation C was made by one of us (E. L. S.) 
in 1940 in Dr. Vickery’s laboratoiy and contained 1.45 per cent trypto- 
phane according to the Folin and Marenzi method (2). 

The results in Table III for the three different preparations clearly show 
that the two methods newly applied to edestin yield identical results which 
are considerably lower than those found by the older colorimetric methods 
of Folin and his collaborators. 


DISCUSSION 

The tryptophane content of edestin has ahvays played a prominent part 
in estimations of its iiunimum molecular weight. The most recent discus- 
sion of the composition of edestin is given by Chibnall (22) who deduces 
from both physical measurements and the available analytical data a 
minimum unit of about 50,000 which is one-sixth the actual molecular 
weight. However, his use of 1.50 per cent tryptophane involves an error 
of about 12 per cent on the basis of his calculation of 4 residues for this unit. 
Our average value of 1.24 per cent is consistent with a content of 3 trypto- 
phane residues, leading to a calculated unit weight of 49,400. As for the 
other three amino acids for which values are reported in this paper, edestin 
contains 16 phenylalanine residues (calculated unit = 48,500), and 28 
residues each of leucine and valine (calculated unit = 49,600). 

In the absence of phj^sical measurements, it is futile to discuss in detail 
the composition of the other seed globulins. However, it is noteworthy 
that, on the basis of tryptophane content alone, the unit woights for these 
proteins must differ somewhat from that of edestin and from each other. 
Wliile determinations of the other amino acids are of little Aolue at the 
present time for interpretation of the molecular size, they show certain 
interesting relationships. The valine figures are very similar for all of the 
globulins, even those of wddely different botanical origin. On the other 
hand, the leucine and phenylalanine contents of cucumber seed globulin 
clearly distinguish this protein from the others derived from the same 
family. In fact, the proteins from all the different genera are easily recog- 
nized as being different in composition. The two species of Cucurhiia 
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are obiTously identical in leucine and valine, but shoiv a small though 
possibly doubtful difference in phenylalanine content. 

SUMMARY 

The ciystalline seed globubns of hemp (edestin), tobacco, and several 
species of Cucurbitaceae (squash, pumpkin, watermelon, and cucumber) 
have been analj'zed for leucine, phenylalanine, and valine by microbiolog- 
ical assay with Laclobacillus arabinosus 17-5. The cucurbit proteins and 
tobacco seed globuUn are shown to yield tryptophane values, by a photo- 
metric method on the unhydrolj'zed protein, which are in agreement with 
earlier results obtained by microbiological and colorimetric methods on the 
h 3 ’drolyzed proteins. On the other hand, by the newer methods of assaj’ 
the tryptophane content of edestin is somewhat lower than that found 
earlier by the Folin-Marenzi and similar methods. 
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CONVERSION OF SULFIDE SULFUR TO CYSTINE SULFUR IN 
THE RAT, WITH USE OF RADIOACTIVE SULFUR* 
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(From the Department of Biochemistry, Vanderhill University, Schools of 
Medicine and Nmrsing, Nashville) 

(Received lor publication, March 27, 1916) 

Shortly after radioactive sulfur (S“) became available, Tarver and 
Schmidt definitely established that the sulfur of methionine could be used 
in the synthesis of cystine in vivo (13). Du Wgneaud el al. (15) have con- 
firmed the above, using the stable isotope S”, and have at the same time 
shown that the P- and 7-carbon atoms of methionine are not used in the 
synthesis of cystine. That serine may furnish the carbon chain for the 
synthesis of cystine in vivo has been demonstrated by Stetten (12) and by 
Binkley and du Vigneaud (3). From studies on the thio ether, cystathio- 
nine, in the intact animal and with tissue slices, evidence is at hand to in- 
dicate that cystathionine, formed from homocysteine and serine, may split 
to form cysteine (2, 14). 

That another mechanism may also be available for the synthesis of cys- 
tine in the animal organism is suggested by the observation of Smythe and 
Halliday that the en2yme preparation which can convert cysteine to pyru- 
vic acid, ammonia, and hydrogen sulfide can, tn vitro, promote incorpora- 
tion of sulfide sulfur into cysteine (10). That this enzyme, cysteine de- 
sulfurase, is different from the enzyme effective in promoting the transfer 
of the sulfur of methionine or homocysteine to serine is demonstrated by 
an observation of Binkley and du Vigneaud (3) that the former is in- 
hibited by 0.01 M cyanide, whereas the latter is not. 

In experiments on the distribution of sulfur in various tissues of the rat 
after the oral administration of sodium sulfide containing radioactive 
sulfur (S“), it was noted that all the tissues examined contained some of 
the radioactive sulfur (4). In view of the in vitro demonstration of Smythe 
and Halliday (10) it was of interest to see whether the cystine of the hair 
and other tissues of the animals employed had any of the radioactive iso- 
tope. This appeared to be a remote possibility since the animal tissues 
had been removed 21 hours after a single oral administration of the sulfide 
sulfur, which was for the most part excreted by the end of this period of 
time. It was a surprise, therefore, to find on isolation of cystine from hair 
and muscles of the animals that the cystine from each source had a slight 
but definite concentration of radioactive sulfur. The experiments herein 
reported are an extension of this initial observation. 

* Aided by a grant from the Bristol-Myers Company. 
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EXPERIMENTAL 

From irradiated carbon tetrachloride’ radioactive sulfur (S“) was iso- 
lated as barium sulfate by the method proposed by Kamen (7). The 
barium sulfate was subsequently reduced to barium sulfide with a mixture 
of aluminum, carbon, and sodium bicarbonate (9). Hydrogen sulfide 
produced from the barium sulfide by the action of dilute hydrochloric 
acid was transferred by a current of nitrogen gas into a neutral solution of 
cadmium sulfate. From the latter solution the cadmium sulfide formed 
was isolated by centrifugation in a previously weighed 15 ml. conical cen- 
trifuge tube. Alter repeated washing with distilled water the cadmium 
sulfide and tube were dried to constant weight at 110°. Hydrogen sulfide 
was released from the cadmium sulfide by treatment with h}'drbchloric 
acid and the hj’^drogen sulfide was transferred by a stream of nitrogen to a 
dilute solution of sodium hydroxide calculated to neutralize e.vactlj^ the 
amount of hydrogen sulfide so formed. To the solution of sodium sulfide 
containing the radioactive sulfur, an additional amount of inactive sodium 
sulfide in solution was added and the ivhole diluted to a volume such that 
each ml. contained approximately a mg. of sulfide sulfur. 

The activity of the sulfide sulfur was determined by o.ridizing a suitable 
portion of the sulfide sulfur with a mixture of sodium carbonate and sodium 
peroxide (1) and isolating the resultant sulfate sulfur as barium sulfate. 
This was then counted as previously described (4). Counting was re- 
peated at intenmls of a few days to a few weeks. From the repeated 
counts the calculated rate of disintegration indicated a half life of ap- 
proximately 88 days. This half life is the one assigned to S“ (7). 

Two young albino rats (Rat A, male, 164 gm.; Rat B, female, 127 gm.) 
were kept in metaboUsm cages to allow' collection of urine. They w'ere fed 
for only 30 minutes in separate cages at the beginning of each 24 hour 
period. Immediately after the daily feeding period each rat received b}"^ 
stomach tube 0.16 ml. of bromobenzene (Merck, reagent grade) for 3 con- 
secutive days. 30 minutes later 0,5 ml. of a solution of sodium sulfide 
containing radioactive sulfur was injected intraperitoneally. A similar 
injection was given approximately 6 hours later. The injections were con- 
tinued, each rat receiving a mg. of sulfide sulfur daily, until each animal 
had been given approximately 11 mg. of sulfide sulfur and a total of 10.92 
X 10' counts per minute of S“. The rats were then sacrificed and cystine 
isolated from their hair, skin, muscle, and liver. After the 4th day of the 
experiment Purina dog biscuits w'ere continuously accessible to the rats. 

Mercapturic acid was isolated by a method essentially that proposed 

* The carbon tetrachloride was kindly supplied by Dr. M. D. Kamen, Washington 
University, St. Louis, Missouri. 
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by McGuinn and Sherain (8). The urine was collected in 24 hour periods, 
pooled, acidified with concentrated hydrochloric acid imtil definitelj' acid 
to Congo red paper, and extracted with chloroform in a continuous ex- 
tractor for 8 to 12 hours. The chloroform was removed by distillation 
in vacuo. The residue in the distilling flask was dissolved in dilute am- 
monium hydroxide, decolorized with norit, and then acidified with hj^dro- 
chloric acid. Upon acidification there occurred an immediate precipitation 
of mercapturic acid. Crystallization was allowed to continue ovenught 
in a refrigerator. The mercapturic acid was then isolated by centrifuga- 
tion. It was washed twice with distilled water, again dissolved in dilute 
ammonium hydroxide, and precipitated by the addition of hydrochloric 
acid. Recrystallization of the mercapturic acid was repeated four times 
in this manner. Finall 3 ’, the product, which at this point was crystalline 
and white, was isolated on a Hirsch funnel. It was washed repeated! j’ with 
distilled water and dried for a few daj's in vacuo over calcium chloride. The 
jdeld was 15 mg.; consequently onlj' the melting point and radioactivity 
were determined. This is listed as Sample 1 in Table I. 

In view of the fact that two stock rats, weighing approximately 200 
gra., which had received the above quantiU* of bromobenzene alone, 
produced enough mercapturic acid to allow for the isolation of 188 mg. of 
the material, the experiment was repeated. Two additional male albino 
rats (Rat C, 254 gm.; Rat D, 250 gm.) were each given a total of 6.5 mg. 
of sulfide sulfur containing radioactive sulfur at the rate of a mg. each daj* 
before they were sacrificed and their tissue taken for cystine isolation. The 
total acthritj' of S“ given each was 33.65 X 10’ counts per minute. For 
the first 3 daj's of the experimental period thej' received 0.15 ml. of bromo- 
benzene daily. From the urines of Rats C and D a total of 225 mg. of mer- 
capturic acid was isolated (Sample 2 in Table I). 

Sample 3 of Table I represents mercapturic acid isolated bj* the same pro- 
cedure from the pooled urine of two rats that together received 0.8 ml. of 
bromobenzene and 1.5 rag. of . sulfide sulfur containing a total of 11.32 X 
10’ counts per minute of radioactive sulfur. The materials were given in 
divided doses over a period of 3 days. The yield of mercapturic acid was 
102 mg. 

Sample 4 of Table I is a sample of mercapturic acid originally isolated 
from the urine of rats receiving only bromobenzene. It was added to 
urine of rats that had received by^ intraperitoneal injection only' a solution 
of sodium sulfide containing radioactive sulfur. It was recovered from 
the latter urine by the procedure used in the isolation of the mercapturic 
acid samples already' mentioned. This experiment was designed to deter- 
mine the e.xtent of possible contamination of mercapturic acid by sulfur in 
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all the forms present in rat urine after sodium sulfide administration. The 
urine aliquot used had a total activity of 10.5 X 10^ counts per minute. 

Cystine was isolated as described by Tarver and Schmidt (13) from the 
various tissues of Rats A, B, and C. It was recrystallized an additional 
three times by solution in 6 N hydrochloric acid, followed by adjustment 
\rith 8 N sodium acetate to approximately pH 4. The samples were 
dried over calcium chloride. The same procedure v'as used in isolating 
cystine from the hair of Rats E and F. The last two rats had not received 
any radioactive sulfur. Sodium sulfate, however, containing radioactive 
suKur was added to the hair prior to hydrolysis with h 5 ''drochloric acid. 
Each hair sample was thus contaminated with sulfate sulfur containing 

Table I 

Specific Aclivilies of Mercapluric Acid Isolated from Urine of Rats Given Bromobemcne 
Orally and Sodium Sulfide Containing Radioactive Sulfur (/S“) by 
Intrapcritoneal Injection 


Sample No, 

Found* 

M.p. 

Nitrogen 

Sulfur 

Counts per min. per 
mg.S • 


’C. 

per cent 

per cent 


1 

162-154 



11.7 ± 2 

2 

152-154 

4.41 

10.09 

7.0 ± 1 

3 

152-153 

4.45 

9.99 

3.6 ± 0.5 

4t 

152-154 



I 2.5 ± 0.2 


* Calculated, N 4.40, S 10.06. Reported melting point, 152° (11). 
t Mercapturic acid recovered from urine contaminated with radioactive sulfur. 


radioactive sulfur with an activity of 25.0 X 10® counts per minute. Iso- 
lation of cystine from the tissues of Rat D was carried out only to the 
cuprous mercapturic stage. 

In most cases a sufficient amount of cystine and mercapturic acid was 
isolated to allow for a determination of suKur content and melting point 
as well as radioactmty. Sulfur was determined by sodium peroxide fusion 
of the samples in a Parr bomb. In a few cases nitrogen was determined by 
a micro-Kjeldahl procedure. A complete analysis on two samples of mer- 
capturic acid is given in Table I. Typical of the results obtained when 
cystine samples ivere analyzed are the results on the cystine from the skin 
of Rat C: melting point, 258-259° Avith decomposition (uncorrected); 
N, 11.62 per cent; S, 26.80 per cent. The calculated values are N 11.65 
per cent, S 26.68 per cent. The reported melting point is 258-261° uith 
decomposition (6). 

For radioactmty measurements the sulfur of mercapturic acid or cystine 
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was changed to sulfate sulfur by sodium peroxide fusion in a Parr bomb. 
The barium sulfate formed on the addition of barimn chloride was iso- 
lated by centrifugation and deposited in an even la 3 *er in counting cups 
(4, 5). To eliminate differences in self-absorption, the amount of barium 
sulfate used in each case was the same. This was accomplished bj' taking 
samples of 25 mg. of cj'stine or a weight of mercapturic acid which would 
give an equivalent weight of sulfur. In case the isolated samples were not 
large enough, ordinary cx’Stine was added to make up the difference before 
peroxide fusion. 

The relative concentration of radioactive sulfur in the barium sulfate 
samples was determined with a Geiger-MuUer, bell tj-pe counter (4). At 
the time samples obtained in any one experiment were counted an aliquot 
of the radioactive sulfide sulfur solution used was likewise counted. 


Table II 

Specific Aclicilies of Cystine Isolated from Rat Tissue after Inlraperitoneal Injection 
of Sodium Sulfide Containing Radioaetire Sulfur (S“) 


Soorce of cystine 

CounU per cm. per eg. stU/ur 

Kat A 

R»tB 

RjtC 

R»tD 

RstE 

RilF 

Hair 

50 ± 5 

S6± 8 


4 i 0.4 


O.S ± 1* 

Sldn 

22 d: 2 

17 ± 2 


25 ± 3 



Muscle... 

61 i 6 

166 ± 15 

4 i 0.2 

13 ± 2 



Liver 

16 ± 1 

17 ± 2 

2 ± 0.2 

8 ± 1 

■1 



• Cystine recovered from hair of stock animals. Sodium sulfate containing radio- 
active sulfur was added to the hair before isolation of the cystine was initiated. 


The specific activities of the cystine samples isolated are given in Table 

n. 


DISCUSSION' 

An examination of the specific activities of the mercapturic acid and 
cj-stine samples isolated, as given in Tables I and II, after the administra- 
tion of sodium sulfide containing radioactive sulfur, shows that some of the 
sulfide sulfur was incorporated into each. The amount of radioactive 
sulfur found in the samples is not large, but even m those samples in which 
it is smallest it is slightly' greater than that attributable to contamination 
bj' radioactive sulfur present in a form other than cystine or mercapturic 
acid sulfur. This observation is a substantiation in vivo of the observation 
of Smythe and Hallidaj' (10) that hydrogen sulfide can be enzymaticallj' 
incorporated into cv'steine in vitro. The amoimt of sulfide sulfur thus used, 
however, in the intact animal appears to be small and in some cases 
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practically negligible. It was hoped that by a preliminary feeding of 
bromobenzene some of the cystine of the body would be employed in the 
synthesis of mercapturic acid and that subsequently a restoration of the 
C3’^stine stores would occur when bromobenzene was discontinued and food 
was freely accessible. It appeared reasonable to e-xpect synthesis of cys- 
tine to occur as an aid in the restoration process. That depletion of pro- 
tein stores did occur seemed to be indicated by a marked loss of weight of 
the animals during bromobenzene feeding. This loss was in part restored 
when bromobenzene was discontinued. It may be that most of the cystine 
of the restored protein, if gain in weight here can be assumed as indicative 
of such a process, came from preformed cystine of the food and synthesis 
from methionine and serine (2, 3, 14) found in the food, ivdth only a negli- 
gible amount being added by a process employing sulfide sulfur. It may be 
tentatively concluded that normally, on the basis of the obseiwations re- 
ported here and in "view of the fact that administered sulfide sulfur is 
rapidl}', and to a large e.\tent, excreted as sulfate sulfur, the mechanism 
whereby cystine may be synthesized in vivo from sulfide sulfur accounts 
for only a very small amount of the cystine in the proteins of the rat tissues 
analyzed. 


SUMMARY 

Sulfide sulfur can be used by the intact rat for the synthesis of cj'stine 
as indicated by the use of radioactive sulfur (S“). The radioactive sulfur 
from sulfide was found incorporated in the mercapturic acid synthesized 
after bromobenzene administration and was also present in the cystine 
isolated from hair, liver, skeletal muscle, and skin. 

The amount of cystine synthesized by the process employdng sulfide sul- 
fur was found to be small, however, even though there was an active de- 
position of protein as indicated by an increase in body weight. 

The continuing interest and advice of Professor C. S. Robinson are grate- 
fully acknowledged. It is likewise a pleasure to thank Dr. C. W. Sheppard 
and Dr. P. F. Hahn for their interest and critical discussion of questions 
which arose in the course of the work. 
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THE INFLUENCE OF CERTAIN SUBSTANCES ON THE 
ANTIBIOTIC ACTI^HTY OF STREPTOIMYCIN IN ^TTRO 

11. THE ACTION OF SOME CARBONYL REAGENTS ON STREPTOMYCIN 
Bt RICHARD DONOVICK, GEOFFREY RAKE, and JOSEF FRIED 

(From the Division of Microbiology and the Division of Organic Chemistry, 

The Sgvibb Institute for Medical Research, New Brunswich) 

(Received for publication, March 6, 1946) 

Recently Brink, Kuehl, and Folkers (1) reported that streptomycin is 
inactivated by certain carbonyl reagents and adduced evidence tending 
to show that this inactivation is due to distinct chemical combination 
between these reagents and a carbonyl group in streptomycin. 

During the past few months a detailed investigation of this type of in- 
activation has been in progress in this laboratory. Our objective has been 

(a) to ascertain which chemical grouping in streptomycin is involved and 

(b) to exanune the antibacterial properties of mixtures containing the in- 
activation products in equilibrium with their parent components. 

There is little doubt from our results that streptomycin contains a 
carbonyl group capable of reacting with great rapidity xvith such reagents 
as semicarbazide, hydroxylamine, and phenylbydrazine to form a semi- 
carbazone, oxime, and phenylhydrazone. Among derivatives of this kind, 
the thiosemicarbazones are particularly useful, inasmuch as they can be 
recognized in solution by their intense absorption bands in the ultrartolet 
region (2). Absorption curves' of the thiosemicarbazones of acetone, 
inosose (2,3,4,5,6-pentahydroxycyclohexanone) (3), and streptomycin 
as well as of thiosemicarbazide alone, in water, are given in Fig. 1. The 
curve for streptomycin itself is not included in this figure, since it shows 
only slight end-absorption. It can be seen that the spectrum of acetone 
thiosemicarbazone reaches a maximum of high intensity (e = 19,000) at 
263 mp. Substitution of hydroxyl groups in the a, a' positions of the car- 
bonyl group, as in inosose, displaces this band to 269 mp (e = 25,400). 

When 1 mole of streptomycin trihydrochloride and 1.5 moles of thio- 
semicarbazide are dissolved in water and the ultraviolet spectrum of the 
mixture determined after 15 hours standing at room temperature, a band 
nith a maximum at 270 mp (s = 22,000) is foimd.' The position and in- 
tensity of this band show conxdncingly that the light-absorbing entity is a 

' We are indebted to Dr. N. H. Coy of the Squibb Biological Laboratories for the 
absorption spectra reported in this paper. 

’ The znarima of the three thioseimcarbazones shown in Fig. 1 are displaced by 
4 to 5 mp towards longer wave-lengths, if the solvent is methanol instead of water. 
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Fig. 1. Ultraviolet absorption spectra (solvent, water): Curve A, acetone thio- 
semicarbazone; Curve B, streptomycin + thiosemicarbazide after standing, for 
hours; Cvirve C, inososc tbiosnmicarbazone; Curve D, thiosemicarbazide. 



Fig. 2. Ultraviolet absorption spectra (solvent, water) : Curve A, streptomycin + 
p'henylhydrazine; Curve B, inosose + phenylhydrazine; Curve C, phenj'lhydrazine. 
All spectra taken after standing for 2 hours in the presence of a small amount of 
acetic acid. 
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thiosemicarbazone, formed by the action of thiosemicarbardde on a carbonyl 
group in streptomycin. Furthermore, the close proximity of the maxima 
given bj" streptomycin and inosose thiosemicarbazones suggests that this 
carbonid group is part of a carbohydrate-like moiety. The ease with which 
the reaction proceeds may be taken as an indication that the reactive 
carbonyl group is present in streptomycin as such and not in combined 
form. 

Comparison of the absorption spectra of the phenylh 3 ’-drazones (4) of 
streptomycin and inosose leads to similar conclusions (Fig. 2). 

The study of the antibacterial properties of the reaction products of 
streptomycin and the above carbonjd reagents is complicated by several 
factors. The germicidal action of the carbonjd reagents has long been 
knou-n (5). Hence, in assajdng streptomj’cin-carbonyl reagent mixtures, 
it is important to know whether any residual activitj" is caused bj* e.xcess 
reagent, bj’ excess streptomj’cin, or bj' the respective streptomj'cin deriva- 
tive formed. Further, the addition to assaj* media of certain substances 
which do not inactivate streptomj'cin maj' nevertheless interfere with its 
bacteriostatic action (G). 

In the present work two test media were emploj'ed, (o) 0.75 per cent 
tiyptone broth and (b) an enriched thioglycolate broth (of the same com- 
position as that used in earlier work) (6). Klebsiella pneumoniae was used 
as the test organism. 

Procedure 

To 2 ml. of solution containing 68.8 mg. of streptomj-cin (in terms of free 
streptomj'cin base’) were added 2 ml. of a given concentration of the car- 
bonjd reagent being tested. The carbonyl reagent solutions were adjusted 
to pH 5.3, with 50 per cent potassium acetate solution for the adjustment 
of hj'drochlorides of semicarbazide and hj'droxj'lamine, and acetic acid 
for thiosemicarbazide and hj'drazine hj'drate. The latter compound was 
also tested at pH 8.5. 

The streptomycin-carbonjd reagent mixtures were incubated at 25® 
for 20 hours. Then, with a broth dilution assaj* procedure (7), the mini- 
mum volume was determined of each mixture which, when added to 2 ml 
of test broth, caused complete inhibition of growth of Klebsiella pneumoniae 
under standard conditions. Appropriate controls of streptomycin and 
carbonyl reagent, respectivelj', at pH 5.3 (and at pH 8.5 in the one case 
mentioned above) were included in all experiments. 

’ The streptomycin preparation used for this work contained 300 y of free strepto- 
mycin base per mg. of total solids. Throughout this paper streptomycin concentra- 
tions are given in micrograms per ml. based on the definition of the Food and Drug 
Administration that 1 unit equals 1 -y of free streptomycin base. 
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ANTIBIOTIC ACTIVITY OF STREPTOMYCIN. II 


From tlie minimum inhibiting volumes of reaction mixtures thus deter- 
mined, it was possible to calculate total concentrations of parent substances 
(i.e., streptom3"cin and carbonyl reagent) present in the broths at the end- 
point. These total concentrations include, of course, both combuied and 
free streptomycin and carbonyl reagent respectively. 


Table II 

Inactivation of Streptomycin with Various Carbonyl Reagents at pH B.S 



Composition of 
mixture, carbonyl 
rcaKcnt per 
microgram 
streptomycin 

Inactivation 

Tryptone 

broth 

as assayed in 

Thioglycolate 

broth 

Ratio 
£' ’ 

E 


7 

per uni 

per cent 


Thiosemicarbazide 

Control 



1.0 


1.16 

92.9 

97.1 

2.46 


0. S 80 

92.8 

95.6 

1.62 


0.290 

87.6 

91.6 

1.46 


0.073 

35.9 

37.5 

1.03 

Hydroxylaminc 

Control 



1.0 

hydrochloride 

2.92 

96.9 

96.0 

0.78 


1.46 

97.3 

97.1 

0.92 


0.730 

97.4 

97.6 , 

1.09 


0.365 

96.3 

97.4 

1.46 


0.1 S 3 

95.2 

97.3 

1.76 

Hydrazine hydrate 

Control 



1.0 


3.34 

t 

70.0 

3.40 

i 

1.67 

37.0 

73.0 

2.6 


0.835 

t 

58.0 

2.7 


0.418 

1 38.0 

47.0 

1.4 


0.209 

1 t 

41.0 


Streptomycin 

Control 



1.0 


* See the text. 

t The activity of the mixture when tested in tryptone broth was slightly greater 
than that of the streptomycin and hydrazine hydrate controls combined. 


As already indicated, detailed studies were carried out with semicar- 
bazide hj^drochloride, hydroxylamine lydrochloride, thiosemicarbazide, 
and hydrazine hj'drate. Since the procedure for analysis of the results 
was similar for all four compounds, complete data are presented for only 
semicarbazide (Table I), whereas the results with the other three com- 
pounds are summarized in Table If. 

In Table I the total end-point concentrations of streptomy^cin in a given 
broth are listed in colunm A, and of semicarbazide hydrochloride in col- 
umn B. In column C are listed the ratios of total end-point concentration 
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of streptomycin, when tested in the form of streptom 3 ’cm-carbon}d reagent 
nuxture, to the end-point concentration of the streptomj’cin control. 
Similarlj' in column D are given the ratios of total end-point concentrations 
of carbonj'l reagent, when tested in mi.vture irith streptomycin, to the end- 
point concentration of the carbonj'! reagent control. The sum of the ratios 
listed in columns C and D for each nuxture are listed in column E. 

It will be noted that the end-point concentration of the streptomj’cin 
controls in 0.75 per cent tiyptone broth in all experiments was 0.055 y 
per ml., while in thioglj’colate broth tliis figure varied with the experiment. 
In a broth prepared from a given lot of tiyptone at a fi.xed concentration, 
the end-point concentration for streptomjxin was found to be remarkably 
constant, while in thiogljxolate broth it vaned nith the age of the broth 
(C). Hence, an average figure was used for the calculation of the end-point 
concentrations of streptomj'cin in tiyptone broth. "ftTien thioglj'colate 
broth ivas used as the test medium, it was necessary' to complete all assays 
for a given experiment in a given lot of broth within a few days in order to 
obtain end-point concentrations which did not vaiy* by more than 10 to 15 
per cent. Thus each experiment in this broth had its own end-point con- 
centration for the streptomycin and carbonj’l reagent controls, respectively’. 

It will be recognized on exammation of Table I that the figures in column 
C represent how many’ times more streptomj’cin was needed to cause in- 
hibition, when added in mixture with the carbonj’l reagent, than was re- 
quired of the streptomj’cin control (or, in other words, an inde.x of the 
degree of inactivation of the streptomj’cin). The ratios in column D, on 
the other hand, never exceed 1.0, thus indicating that the end-point con- 
centrations of carbonj'l reagent, resulting from titrating the carbonj’l 
reagent-streptomycin mixtures, were never as high as the inliibiting con- 
centrations as determined bj’ the carbonj'l reagent controls. The closer 
these ratios approached 1.0, the greater was the role plaj’ed bj' the carbonj'l 
reagent, per se, in inhibiting the growth of the test organism. In the tiyp- 
tone broth the carbonj’l reagents plaj’ed little role and the maximum ratio 
for thiosemicarbazide was 0.016, for hj’drazine hj’drate 0.035, for semi- 
carbazide 0.10, and for hj'dro.xylamine 0.78. In thioglj’colate broth, where 
the acth-itj’ of streptomj’cin and possibly- that of its semicarbazone, etc., are 
greatly lowered, the carbonyl reagents played a larger role in the final 
mhibition, and the maximum figures were 0.9 for thiosemicarbazide and 
for semicarbazide, 0.82 for hydroxj'lamine, and 0.51 for hj’drazine hydrate. 

It should be pointed out that semicarbazide, which Is one of the least 
bactericidal carbonj’l reagents tested (8), was studied at higher concentra- 
tions than anj’ of the others. The maximum concentration of thiosemicar- 
bazide which could be used in the tests was limited by the relative insolubili tj- 
of this compound in water. 
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antibiotic Acrrmr of STHEPTOJrrciN. n 


It is of interest to note that, while thiosemicarbazide inhibits bacterial 
growth at lower concentrations in thioglycolate than in tryptone broth, 
the reverse is true for the other carbonyl reagents tested.^ 

Significance of B'/E Ratios — ^If the minimum inhibiting volume of a bac- 
tericidal or bacteriostatic substance is added to a culture medium, it might 
be said that the culture medium contains 1 inhibiting dose per ml. If a 
mixture of inhibitor}’' substances is added, as was the case in this work, the 
net effect of adding the minimum inhibiting volume of such a mixture is 
still that of 1 inliibiting dose. From the stand-point of the growth-inhibit- 
ing activities of free streptomycin and free carbon}’! reagent, respectively, 
the addition of the end-point volume of the various reaction mixtures 
would have resulted in concentrations much higher than 1 inhibiting dose 
per ml. in each broth if no reaction had occurred first between the two 
parent substances in the mixture. Since the given volume of each mixture 
had, in fact, only the effect of 1 inhibiting dose, the parent substances had 
retained only a fraction of their original antibacterial activities. The 
inverse of the figure in column E in Table I for each mixture is a measure 
of this residual activity in a given broth. 

Thus the figures in column E for each parent substance (f.e., strepto- 
mycin and carbonyl reagent control solutions) are always equal to 1.0. 
The ratio B’/E in the two broths for either parent substance is, then, also 
equal to 1.0. On the other hand, when we study these ratios for the vari- 
ous streptomycin-carbonyl reagent mixtures, we find that these values 
approach 1.0 only when one or the other parent substance is present in 
excess in the mixture, and otherwise are greater than 1.0. This is best 
exemplified in Table I, where this ratio rises to approximately 4.5 for senii- 
carbazide. 

That these ratios for the reaction mixtures exceed 1 .0 may indicate that 
the reaction compounds have antibacterial activities of their own w’hich 
are affected differently by the two test broths than are the activities of 
either parent substance. Thus while thioglycolate broth interferes more 
than does tryptone broth with the bacteriostatic activities of both strep- 
tomycin and semicarbazide, it (thioglycolate broth) causes even greater 
interference 'with the apparent actmty of the semicarbazone. This may 
be an effect on the semicarbazone actiAuty itself or may, perhaps, result 
from greater dissociation of the semicarbazone, releasing more streptomycin 
in tr}’ptone broth than in thioglycolate broth. The answ’er to this question 
must await an accurate stud}’- of the equilibria involving streptomycin, the 
carbonyl reagents, and the corresponding reaction products. 

•< The minimum inhibiting concentrations in tryptone broth and thioglycolate 
broth, respectively, were as follows in micrograms per ml.: hydrazine hydrate 6.0 
and 41.4; hydro.vyIamine hydrochloride 6.5 and 147; semicarbazide hydrochlo- 
ride 66.0 and 275; and thiosemicarbazide 76.6 and 38.0. 
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Of the carbonyl reagents studied, hydrazine hydrate is the least effective 
in inactivating streptomycin. As indicated above, this reaction vras 
studied both at pH 5.3 and 8.5. Since similar results were obtained in 
both studies, data obtained only at pH 5.3 are presented. 

smoiART 

1. Endence is presented to show that the inactivation of streptomycin 
by carbonyl reagents is due to the presence in streptomycin of a ketone or 
aldehyde group winch forms part of a carbohydrate-like moiet3'. 

2. The absoiption spectra of the thiosemicarbazone and phenylhydra- 
zone of streptomj'cin are given. 

3. Ch’er 90 per cent inactivation of streptomycin occurs at room tempera- 
ture when 1 7 of streptomycin is mixed with as little as 0.2 to 0.3 7 of certain 
carbonyl reagents. 

4. Inactivations up to 98 per cent of the streptomycin activity have been 
demonstrated without significant interference in the bioassays by the bac- 
teriostatic properties of the carbonyl reagents. 

5. Attempts to attain higher degrees of inactivation by increasing car- 
bonyl reagent concentrations are complicated by antibacterial acthity 
attributable to the carbonyl reagents. 
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A COLORIMETRIC METHOD FOR THE DETERMINATION OF 

PENICILLIN 

Bv JOHN V. SCODI* 

(From the Research Laboratories of Merch and Compant/f Inc., Rahway, -Acir Jersey) 
(Received for publication, March 22, 1946) 

A colorimetric method for the determination of penicillin has been de- 
signed. This method is based upon the following reaction. 

CO— N CH- COOH 

111 + U'XH- CH-CH:NH. -» 

RCOXH- CH— CH— S— CtCHj): 

(I) 

R'NHCH-CH.XHCO XH CHCOOII 

■ i I I 

RCOXHCH— CH— S— C( CH,); 

(ID 

In the above scheme, R' represents a chromogenic gioup. 

The structural formula for the penicillins employed above is the /3-lactam 
constitution suggested by the Committee on Medical Research and the 
Medical Research Council (1). The altemative azlactone structurc would 
lead to the same constitution for the addition product II, which can be 
separated from the reactants by virtue of its solubility in aqueous alkali 
and its e.xtractabilitj' from weaklj* acidic solution by an organic liquid. 

A number of amines were evaluated in an effort to select the most suit- 
able reagent for the test. In the coui-se of this search an azo dye, N- 
(l-naphthyl-4-azobenzene)-ethylenediamine, was found to possess suitable 
physical and chemical properties. In the test procedure, it gives a 90 per 
cent jdeld of the amide when the condensation reaction is permitted to 
proceed over an 18 hour interval. The excess reagent is read% separated 
from the reaction medium. The amide, being colored, can be measured 
nith good precision at high dilution and without further manipulation. 

During the development of the test, methodological variations were in- 
troduced from time to time. The procedure ultimatelj' adopted involves 
the following considerations. The reagent I is a strong base, and the 
primaiy amine is the stronger of the two basic groups. In the presence of 
acetic acid, which accelerates the reaction, the reagent condenses with th^ 
free acid of penicillins in a water-immiscible solvent. Extraction of th^ 

* Present address. Department of Pbarmacologj', College of Physicians and Sur- 
geons, Columbia University, New York. 
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COLORIMETIUC METHOD FOR PENICILLIN 


organic solution with sodium liydroxide removes the condensation product 
as the sodium salt, leaving the excess reagent in the organic phase. The 
weakly basic condensation product II is then extracted from acidic solution. 
Any of the strongly basic reagent I that may have passed into alkaline so- 
lution remains in the acidic, aqueous phase. Details of the method are 
set forth in the experimental part. 


EXPERIMENTAL 

Preparation of Dye — To 12.5 gm. of aniline hydrochloride in 625 cc. of 
water, containing 16 cc. of concentrated hydrochloric acid, at 0-5®, are 
added dropivise, with stirring, 125 "cc. of water containing 8.0 gm.of sodium 
nitrite. After 15 minutes at 0-5°, the excess of nitrite (starch-KI) is de- 
composed with solid ammonium sulfamate. 

To a solution of 25 gm. of N-(l-naphthyl)ethylenediamine dihydrochlo- 
ride (2) in 1250 cc. of cold water containing 40 cc. of concentrated hydro- 
chloric acid the cold diazonium salt is added Avith stirring, at room tempera- 
ture. The mixture is alloAved to stand at room temperature for 10 to 15 
minutes and ivarmed to 50-60°. After 30 minutes at this temperature, the 
mixture is chilled and strong sodium hydroxide is added until the color 
changes from a deep purple to an orange. The pH of the solution must be 
above 9.6. The product is filtered and dried. 

The crude yield at this point is about 29 gm., but this represents a mix- 
ture. This can be separated by the use of Skell 3 'solve C (b.p. 85-100°). 
The dry solid is poivdered and refluxed briefly in 2500 cc. of the solvent, and 
an insoluble residue is removed,' When cold, the filtrate yields a crystalline 
product, m.p. 105-107°, The yield is about 70 per cent.^ For use in the 
test, it is recrystaUized from Skellysolve (10 gm. per liter). From this 
solvent, the product is obtained, Avith very little loss, as thick, red crystals, 
m.p. 107-108°. When recrystallized from 50 per cent aqueous methanol, 
it is obtained as orange-colored needles, m.p. 103-103.5°. Both forms are 
interchangeable. 

Ci 8 H„N 4 . Calculated. C 74.45, H 6.25, N 19.29 
Found. “ 74.65, “ 6.35, “ 19.58 


' A fraction of this insoluble residue was obtained as red crystals, m.p. 128-130°. 
This product does not possess a primary amine group, and appears to be a diazoammo 
compound. 

\n=N— ^NH CHj CH-NH— N=N— 

o 




CjiH-jNj. Calculated. C 73.10, H 6.58, N 21.32 
Found. “ 72.82, " 5.65, » 21.75 
= No attempt was made to develop the method for preparing this dye. 
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On the addition of less than a molecule of dry hydrogen chloride to an 
ethereal solution of the basic dye, golden, needle-like crj-stals are formed. 
An excess of hydrogen chloride yields a purple crystalline product. These 
products, •which resist purification, represent the mono- and dihydrochlo- 
rides, respectively. 

Spedropholomeiry — ^Aqueous solutions of the pure d 5 *e were examined in 
the Beckman spectrophotometer o'ver the range 300 to 600 ma 'with the 
results sho'wn in Fig. 1. In 0.1 n h 5 'drochloric acid (Curve 1), the dye yields 



Fig. 1. The absorption of aqueous solutions of N-(l-naphthyW-azobenzene)- 
ethylenediamine in 0.1 n hydrochloric acid (Curve 1); at pH 3.0 (Curve 2); and at 
pH 6.0 (Curve 3). 

a bluish red solution which exhibits an intense band at 555 mp (Eu = 
49,000). The color of the solution changes to orange at pH 3.0 (Curve 2) 
and to yellow at pH 6.0 (Curve 3). The curves pass throu^ isobestic 
points at 375 and 493 m/i. The solubility characteristics and the changes 
m the absorption -with pH suggest that the dye is a fairly strong base, that 
the primary amine is the stronger of the two basic groups, and that the dye 
undergoes a tautomerism analogous to that exhibited by p-aminoazoben- 
zene. 
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Preparation of Penicillin Solutions — Crystalline samples of penicillin G 
sodium salt may be weighed Avith the usual precautions, but commercial 
samples should be finely divided and should bo rapidly iveighed in a dry 
atmosphere. 

All solutions are submerged in an ice bath and 7nusl be kept cold (0-5°) 
throughout this procedure. The penicillin is extracted from acidic solution 
Avith chloroform as folloAvs: 

To 5 cc. of a glycine buffer’ at pH 2.0 arc added 25 cc. of reagent grade 
chloroform and 5 cc. of an aqueous solution containing 20 to 120 y of peni- 
cillin. Immediately upon addition of the penicillin to the cold solutions, 
the sj'stem is A'igoroush’ shaken for 2 minutes. Tlie phases are allowed 
to separate during 2 to 4 minutes, and the chloroform run into a chilled 25 
cc. glass-stoppered graduate. About 3 gm. of anliydrous sodium sulfate 
are added, and 20 cc. of the superficially dried e.xtract are added to the 
condensation medium as described in the test procedure. 

In this process the jjenicillin is largely' extracted from the acidic solution 
by chloroform, but that which remains in the aqueous phase continually 
undergoes spontaneous decomposition. Since equilibration cannot be 
effected, the temperature is kept Ioav and the extraction time is limited to 
an optimum of 2 minutes. 

It should be emphasized that no method inA'olving the extraction of 
penicillins can giA'c reproducible results unless the extraction process is 
reproducible. With the present method, end-results are probably influ- 
enced more by variations in the penicillin extraction than by any other 
factor. To keep these A'ariations minimum, it is necessary' to keep the 
temperature Ioav, to limit the extraction time, and above all to maintain 
the extraction efficiency' constant by' uniform A'igorous shaking. 

Test Proeedurc — To 15 cc. of benzene containing 10 mg. of the dye there 
are added 20 cc. of the chloroform extract and, immediately thereafter, 5 
cc. of a solution of 5 cc. of glacial acetic acid in a liter of benzene. The re- 
action mixture is alloAA'ed to stand at room temperature in a closed container 
for 3 hours (±3 minutes). It is then shaken A'igorously for 10 seconds AA’ith 
25 cc. of 0.05 N sodium hy'droxide in a 125 cc. separatory' funnel. iVlien 
both phases haA'e separated and are cry'stal clear, the loAA'er layer is sloAvly 
draAA-n off, 0.2 to 0.5 cc. of the organic soh'ent being left in the funnel. 
(During this phase separation disturbance of interfacial material must be 
aA'oided.) Then 25 cc. of chloroform are added to the sodium hydroxide 
and the AA'hole is shaken for 10 seconds. After complete phase separation 
the chloroform is remoA-ed as before, 0.2 to 0.3 cc.'* being left in order to 

’ Tliis bufTcr Avas prepared from GOO cc. of 0,2 sr glycine in 0.2 .At sodium ciiloridc by 
the addition of 0.2 m hydrochloric acid (540 cc.) to a pll of 2.0. 

* It may be desirable to mark funnels at the 0.3 cc. level for this purpose. 
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avoid loss of Interfacial material. After the addition of 1 cc. of concen- 
trated hydrochloric acid followed by 15 cc. of a mixture of 1 volume of 
butanol and 4 volumes of benzene, the S 3 ’stem is shaken for 10 seconds, to 
transfer the red condensation product to the butanol-benzene phase. To 
10 cc. of the butanol-benzene extract are added 2 cc. of a mixture of 5 vol- 
lunes of concentrated hj'drochloric acid and 95 volumes of absolute ethanol. 
(The strong acid is required to bring forth maximum tautomerism.) The 
color intensitj' is measured in a photoelectric colorimeter equipped with a 
No. 540 filter. 

As the colored reagent distributes itself between benzene (or chloroform) 
and 0.05 n sodium hydroxide in a ratio of about 1000:1, it is obvious that 
the above procedure will sufBce to remox'e essentialh' all of the excess d 3 'e. 
In this process, again, the distributions are not brought to equilibrium, 
because the attainment of equilibrium would require excessive shaking. 
The extraction procedures are consequenti 3 ' limited in time in order to give 
reproducible results. 10 seconds of shaking suffice to convert all of the con- 
densation product to the sodium salt. The product is thus removed from 
the organic phase.® This time restriction does not, however, permit com- 
plete saturation of the aqueous phase with the excess dye. Converse^', 
in the initial 10 second chloroform wash, extraction of the free d 3 ’e which 
dissolved in the aqueous phase is not complete. Only the final extractions 
are effective in this respect. 

The use of concentrated hydrochloric acid is necessary- in conjimction 
with the butanol extraction. If less acid is used, the dye is extracted as a 
mixture of the mono- and dihydrochlorides rather than as the dihydrochlo- 
ride, and this leads to low colorimetric values (e.g., see Curve 2 of Fig. 1). 

Care must be exercised in removing the excess reagent in the course of 
the test. Because of its high tinctorial intensity traces retained by- separa- 
tory funnel stop-cocks and stoppers can give rise to erroneous results. It 
should also be noted that the penicillin-dye amide at higher concentrations 
does not appear to form a true solution in 0.05 x sodium hydroxide, but 
appears to associate and agglomerate at interfaces. In order to avoid losses 
of product, the procedure is designed to permit cutting of the two phases 
on the safe side of the interface xvithout changing separatory funnels. 

Moderate variations of time and temperature in the test procedure give 
rise to no significant variations in the analytical results. Howex-er, there 
is one factor, viz. the agglomeration of condensation product at interfaces, 
which gave rise to x-ariations in an earlier procedure. Loss of this inter- 
facial material, xvhich caused negatix-e errors, has been greatly reduced in 

‘ This salt has a real solubility in organic solx-ents, but the ditference between the 
solubility of the free dye and of the sodium salt of the condensation product is suf5- 
cient to permit a satisfactory separation. 
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the procedure described here. Methanol (5 cc.) may be added to the aque- 
ous alkali and by thus dissolving all of the condensation product the 
possibility of losing interfacial solids can be eliminated, but this is not 
necessary. Losses, which can only occur in the first two steps of the test 
procedure, are avoided simply by awaiting a satisfactory phase separation 



Fig. 2. Calibration data. Transmittance of pure solutions of the dye (Curve 1). 
Data recalculated in terms of the sodium salt of penicillin G (Curve 2) . Calibration 
data (Curve 3). 

and then by removing the organic phase carefully. We believe that with 
reasonable care significant errors will not occur in the performance of the 
test procedure. 

Calibration — Standard solutions of the reagent, prepared in acidified 
butanol-ethanol, as in the procedure, were measured in the photoelectric 
colorimeter equipped with filter No. 540. Three such sets of solutions pre- 
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pared 'with different samples gave data (Fig. 2, Curve 1) in good agreement 
with Beer’s law, and the agreement between samples was good. Assuming 
that solutions which contain the specific chromogenic grouping are directly 
comparable at 540 mp, and that the absorption is inversely proportional to 
the molecular weight, it is possible, stoichiometrically, to express these data 
in terms of the sodium salt of penic illin G (Fig. 2, Curve 2). Comparison 



Fig. 3. Rate of condensation of penicillin and dye under test conditions 

of these recalculated data with calibration data obtained, following an 18 
hour period of condensation between penic illin and the colored amine, in- 
dicated a yield of approximately 90 per cent. The rate of condensation, 
however, was excessively slow. It was then fotmd that acetic acid mark- 
edly accelerates the rate of condensation. The rate was increased with 
increasing concentrations of acetic acid up to 0.0185 gm. per reaction tube, 
but bej’ond this concentration and up to 0.0554 gm. of acetic acid per re- 
action tube the raie was not augmented. Since in these experiments the 
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benzene solution contained 9 to 27 moles of acetic acid per mole of amine, 
it may be concluded that penicillin condenses more rapidly ivith the acetate 
of the free primary amine than ■with the free base. 

A number of test solutions containing different concentrations of peni- 
cillin were extracted Math 0.05 n sodium h 5 'droxide at hourly intervals. The 
data are presented in Fig. 3. These show that the condensation is largely 
effected within the first 3 hours. The jdeld is about 70 per cent. The 
curves indicate that a ±15 minute variation in the condensation time 
introduces an analjdical variation of only ±2 to 3 per cent. This vari- 
ation is reduced to negligible proportions bj’^ restricting the condensation 
period to 3 hours, ±3 minutes. For some purposes, a 2 hour interval 
would be desirable. It may be possible to standardize on a 2 hour basis 
with but little loss of sensitivitj'- and reproducibilitjL 

In a series of 66 blank determinations four different operators obtained 
an average value of the transmittance, .T, = 96.6 ± 0.54 per cent. Of these 
readings, forty-five agreed ■with the average within 0.0 to 0.5, thirteen agreed 
Avithin 0.5 to 1.0, and eight agreed uithin 1.0 to 1.6 per cent. Lots of 
chlorofoim or benzene which give lower blanks should not be used in this 
test. 

In four separate trials, analysis of a series of six standard solutions of 
pure penicillin yielded the data shoivn in Fig. 2 (Curve 3). The average 
deviation of these data from the best straight line, expressed in per cent 
analytical error, is ±1.5 per cent. From a long series of such trials it was 
concluded that in the hands of a well trained and careful operator the pre- 
sent method may be expected to invohm an average error of about 1.5 per 
cent, whereas in the hands of young and relatively untrained operators an 
average error of 3 to 5 per cent may be anticipated. 

It should be noted that the calibration curve (Curve 3, Fig. 2) does not 
pass through 100 per cent transmittance at zero concentration. The di- 
vergence increases with diminishing penicillin concentration and is appar- 
ently a function of dilution. It is reasonable to assume that this diver- 
gence is produced either by inactivation of part of the penicillin or by loss 
of part of the condensation product in the extraction procedures. 

Sensilivity — The method, as presented, was designed primarilj' for appli- 
cation to the assay of commercial samples of penicillins. For this purpose, 
sensitivity is not critical, 10 to 100 y of active material being readilj' avail- 
able. With culture media, broths, urine, etc., for which the method is 
equallj" useful, a minimum of 10 y is required, but by simple reduction of 
volumes it is possible to estimate quantities as small as 1 y. 

Specificity — ^This method possesses certain specificity requirements. For 
a substance to be measured as a penicillin, it must be water-soluble at pH 
7.0; it must be extractable by chloroform from aqueous solutions at pH 
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2.0; it must condense completely 'with the reagent ivithin a limited period 
of time; the product must possess a carboxj-1 group; and finally, the con- 
densation product must not possess stronglj- basic properties. That some 
potential interfering substances do not meet this final requirement is exd- 
denced by the fact that variable amounts of colored materials are left in 
the acid phase in the course of anah’sis of commercial samples of penicillin. 
In this connection, it may be noted that a variety of degradation products 
of penicillin has been tested with no significant evidence of interference. 

To obtain confirmatory e\ddence that the products which give the color 
test are indeed penicillins, a number of experiments were performed with 
cr 3 'stalline penicillin G which had been inactivated by various procedures. 
(1) 100 y of crystalline penicillin, and equivalent amounts of commercial 
samples, were maintained in 5 cc. of a sodium acetate-hj’drochloric acid buf- 
fer at pH 2.3 for 2 hours. (2) 200 y quantities .were maintained in 1 cc. 
of 0.05 x sodium hydroxide for 2 hours. (3) 100 y quantities %vere main- 
tained in 3 cc. of solutions containing 5 mg. of thiolethylamine at pH 7.2 
for 1 hour. (In Experiment 3a, Sample B was treated instead with O.Sper 
cent cysteine at pH 7.3 for 2 and 3 hour periods.) (4) 200 y quantities were 
maintained at 37° for 1.5 hours at pH 6.72 in the presence of 5 cc. of a 
penicillinase-containing broth.® The culture was centrifuged to remove 
the cells, and the penicillinase-rich supernatant was used directly. Samples 
of the broth were autoclaved at 15 pounds pressure for 20 minutes, 'llus 
treatment served to inactivate the ensyme. Control experiments with 
the autoclaved preparation produced no significant destruction of penicillin. 

From the data recorded in Table I it may be inferred that the products 
of these methods of inactivation do not react with the colored amine in the 
test procedure. In all cases, the decrement observed -with the commercial 
samples of penicillin was identical, within experimental error, wth the de- 
crement observed with crystalline penicillin. Hence, it may be concluded 
that the products present in commercial penicillin preparations which give 
the color test have the stability characteristics of active penicillins. 

Despite these specificity requirements, interference by other tj'pes of 
substances may be anticipated; for example, ether-soluble keto acids may 
react with the colored amine to give alkali-soluble products of the Schiff 
base or aldehyde-ammonia type, and lactones, azlactones, and esters may 
react to give amidic compoimds. Nevertheless, when applied to a large 
number of commercial samples of penicillin, the method gave results which 
were satisfactory in comparison with microbiological data (correlation 
coefficient = -(-0.904). Further, comparison of the stability characteris- 
tics of crj'stalline penicillin G and of the active principle of commercial 

‘ This broth was obtained after 47 hours growth of Foster’s Culture 164 on yeast 
extract. 
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preparations also indicated that penicillin was measured specifically. 
When applied to low potency samples, and to broths, however, interfering 
substances may be detected. If significant amounts are present (which is 
seldom the case), these can be eliminated readily as described below. 

Interfering Substances — ^The marked lability of the penicillin affords a 
ready means of differentiating the active principle from inactive interfering 
substances. A given sample may be analyzed as usual to give a “total” con- 
centration. An aliquot, exposed to the action of some inactivating agent, 
may be analyzed to give a “non-penicillin” value. The “total” minus the 
“non-penicillin” value would be expected to give a close approximation of 
the true penicillin concentration. 


Table I 


Inaclivalion of Crystalline and Commercial Penicillin Preparations As Measured 

Color imetrically 


Experi- 

ment 

No. 

Treatoeot 

Per cent decomposition 

Crystalline 

penicillm 

G 

Commercial samples 

A 

B 

c 

D 

1 

2 hrs. at pH 2.3 

69 

70 

65 

68 

68 



70 

70 

65 

70 

69 

2 

2 “ inO.OSNNaOH 

91 

85 


84 

89 



92 

87 


85 


3 

Thiolethylamine, pH 7.2 

67 

69 

63 

5? 

67 

3a 

Cysteine, pH 7.3 

81 


80 





81 


78 



4 

Penicillinase, pH 6.7 

' 89 

83 

84 

81 

87 



90 

84 

! 85 

1 

81 

87 


The recent preparation of potent samples of penicillinase suggests that 
the “non-penicillin” fraction may best be determined following penicillinase 
inactivation of the active principle. At the time this work was per- 
formed, potent penicillinase preparations were not available. Conse- 
quently, alkaline inactivation was studied, and aliquots were routinely ex- 
posed to the action of 0.2 N sodium hydroxide at room temperature for 1 
to 2 hours to give the “non-penicillin” value which was subtracted from the 
“total.” This manipulation of the data was predicated on the assumptions 
(o) that the penicillin in a given sample is completely destroyed by the al- 
kali treatment, and (6) that this treatment neither generates nor destroys 
the interfering substances in the sample. These assumptions have been 
justified experimentally. Crystalline samples of penicillin G were com- 
pletely inactivated (t.e., gave negative color tests) when treated with alkali 
in the presence or absence of commercial penicillin or broths. Commercial 
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preparations and broth samples which possessed no antibiotic activity but 
contained measurable amounts of interfering substances gave identical ana- 
lytical results before and after alkali treatment. Further, active penicillin 
samples which contained significant amounts of interfering substances gave 
identical results both after 1 and 2 hours of exposure to alkali. The “non- 
penicillin” value may therefore logically be subtracted from the “total” 
value. 

Regardless of the means selected to inactivate the penicillin, it should be 
noted that the colorimetric calibration curve is characteristic for penicillin 
and may be used directly for the determination of the “total” penicfilin 
content of materials, but it is not characteristic for the “non-penicillin” 
fraction which is composed of unknown and variable materials. Conse- 
quently, it is not pennisrible to read the “non-penicillin” value directly 
from this calibration curve. Direct use of this curve for the estimation of 
the “non-penicillin” value would lead to the obvious error of assigning a 
value of 3.7 7 to a solution which exhibits 100 per cent transmittance. In 
order to correct this error, it is necessary merely to subtract the value in- 
dicated by the calibration curve at 100 per cent transmittance from the 
apparent "non-penicillin” value. 

Applicalion to Broth — ^The colorimetric method was used in the analysis 
of penicillin broth samples as follows: Samples of broth, selected at random, 
were treated with a filter aid (0.5 gm. of Hyflo Super-Cel was added to 50 
cc. of broth) and the mixture was shaken. The broth was filtered through 
a Buchner filter bed which was precoated with a thin layer of Super-Cel. 
Aliquots of the filtrate (1 to 6 cc., depending on the potency of the broth) 
were analyzed at levels planned to contain approximately 100 and 200 7’ of 
penicillin. This gave the “total” value in duplicate. Two equal aliquots 
were treated with 0.4 N sodium hydroade to give solutions 0.2 x in alkali. 
These aliquots were permitted to stand at room temperature for 1 to 2 
hours to inactivate the penicillin. The solutions were then adjusted to 
volume and the analyses were completed as usual. 

In spite of the satisfactory recovery of added penicillin G (98.7 ± 4.0 
per cent, maximum deviation, 13 per cent) obtained in the chemical analj'- 
sis of a large number of broths, the chemical data were consistently lower 
than those obtained by means of microbiological methods. This discrep- 
ancy suggests that either the microbiological method is not entirely specific, 
or the broth samples contained a mixture of penicillins of high biological 
potency. 


niSCDSSION 

Some comment on the existence of different varieties of penicillin seems 
appropriate. It is now generally recognized that not onlj’ does the anti- 
biotic potency of a single variety of penicillin differ with different test or- 
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ganisms, but the different penicillins evoke different responses with the 
same organism. It is therefore evident that a direct correlation of chemical 
and microbiological assay values cannot be expected when mixtures of 
the various penicillins are analyzed. Chemical and microbiological values 
will approximate each other onlj'^ as the concentration of one kind of peni- 
cillin increases, or as the activities of the different kinds approach each 
other. Chemical procedures, like that here described, which are based 
upon a key functional group common to all penicillins, yield molar values 
for all varieties of penicillin without differentiation between the varieties. 

SUMMARY 

A colorimetric method for the determination of total penicillins has been 
designed for the analysis of commercial preparations and of broth. The 
method involves the interaction of an intensely colored primary amine, 
N-(l-naphthyl-4-azobenzene)-ethylenediamine, with the penicillins to yield 
amidic products containing acidic groups. The preparation of this reagent 
is described. Measurement of the total penicillins is made in terms of the 
dye bound to the antibiotic. The method is comparatively simple, being 
carried out almost entirely in a single separatory funnel. A capable analyst 
can, by means of this method, carry out large series of analyses at one time. 

The colorimetric method appears to be more precise and reproducible 
than existing microbiological methods of assay. Its specificity has been 
considered in some detail, and the elimination of potential interfering sub- 
stances by means of a differential method of analysis has been discussed. 
The difficulty in assigning a biological activity, from chemical analysis, to 
a solution which contains a mixture of penicillins has been considered 
briefly. 
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The colorimetric method for the determination of penicillin, described 
in the preceding report (1), is more precise than existing biological methods 
but is limited in sensitmty. In order to extend the range of applicability 
of the method by increasing its sensitivity, the strongly fluorescent com- 
pound 2-methoxy-6-chloro-9-(fi-aminoethyl)aminoacridine 


NHCH^CILNH. 


CHjO 






N 


-Cl 


has now been used in place of the aminoazo compound originally employed. 
Quantitative measurements of small amounts of the penicillins have thus 
been achieved. As the aminoacridine condenses with the penicillins at a 
more rapid rate than docs the azo dye, it has been possible to reduce the 
condensation time to 1 hour. Details of the method are set forth in the 
experimental part. 


EXPERHIENT.AX. 

Synthesis of Aminoacridine — 5 gm. of halocrin (6,9-dichloro-2-methoxj'- 
acridine) were warmed for 20 minutes on a steam bath ndth 100 cc. of an- 
hydrous ethylenediamine. The solid dissolved within 10 to 15 minutes. 
The reaction mbrture was then boiled for 3 minutes and cooled to room tem- 
perature. About 60 cc. of the excess ethylenediamine were recovered by 
vacuum distillation. To the cooled residue, 250 cc. of cold water were 
added; the precipitate was dissolved in 500 cc. of cold 0.1 x hydrochloric 
acid and the solution was filtered. The filtrate was treated in the cold with 
30 per cent sodium hydroxide to maximum precipitation. The thoroughlj- 
dried product (5.4 gm.) was recrj’stallized from 3.0 liters of SkeUj'solve C. 
The jdeld of yellow crj-stals, m.p. 141-142°, was 4.5 gm., or about 80 per 
cent. About 0.9 gm. more of the pure product was secured by concentra- 

* Present address. Department of Phnnnacologj-, College of Physicians and Sur- 
geons, Columbia University, New York. 
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ting the mother liquor. After recrystallization from the same solvent, the 
compound melted at 142-143°. 

CitHi.NsOCI. Calculated. C 63.68, H 6.34, N 13.93 
Found. “ 63.90, ” 5.26, “ 14.04 

Spectrophotomelry — ^With the Beckman spectrophotometer, aqueous 
solutions of the aminoacridine were examined in the near ultraviolet and 
visible regions of the spectrum with the results shotvn in Fig. 1. In acidic 



Fig. 1. The absorption of aqueous solutions of 2-methoxy-6-chloro-9-03-aminoeth- 
yl)niinoacridine at pH 1.4 (Curve 1), at pH 8.1 (Curve 2), and at pH 9.8 (Curve 3). 

solution (pH 1.4) the product exhibited a band at 345 mju and a broad 
band in the visible region with maxima at 421 and at 443 mp. The mDli- 
molecular extinction coefficients at these wave-lengths were 5.35, 9.00, and 
8.10, respectively. The absorption of the solution changed ivith increasing 
pH. The change was pronounced at pH 8.1 and essentially complete at 
pH 9.8. At the latter pH, there were small bands at 343 and 360 and a 
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broad band with a maximum at 417 m/i. The millimolecular extinction 
coefficients at these wave-lengths were 2.82, 3.32, and 6.30, respective!}'. 
These data indicate that the product is a homologue of atabrine.* One 
may infer that the product is an even stronger base than atabrine, and that 
the primary amino group is the strongest of the three basic groups. Iso- 
bestic points were observed at 353 and 395 mii. One may therefore infer, 
further, that the product exhibits a tautomerism, which is similar to that 
observed with atabrine (2) and which is limited in the pH range imder 
consideration to two molecular species. 

Preparation of Penicillin Solutions — All solutions are submerged in an 
ice bath and must be kept cold (0-5°) throu^out. The procedure is 
carried out as follows: 

To 8 cc. of an aqueous solution containing 0.0625 to 0.625 y of penicillin 
per cc., there are successively added 12 cc. of reagent chloroform and 2 cc. 
of a Sprensen glycine buffer at pH 2.0. The nuxture is immediately shaken 
■^-igorously for 30 seconds. The phases are allowed to separate during 30 
to 60 seconds. The chloroform layer is run into a chiUed, glass-stoppered 
graduate and rapidly dried with 1 to 2 gm. of anhydrous sodium sulfate. 

Application of the extraction method to larger volumes of more dilute 
solutions may be accomplished in three ways. A double e.xtraction of the 
penicillin may be employed, the penic illin may be extracted with propor- 
tionally smaller volumes of chloroform, or the chloroform extract may be 
concentrated prior to condensation. These procedures were studied as 
follows: 

Double Extraction — 80 cc. of each of three solutions (containing 0.00625 
to 0.025 y of penicillin per cc.) were extracted as described, but all volumes 
were increased 10-fold, and 40 cc. of each of three solutions (containing 
0.0125 to 0.05 7 of penicillin per cc.) were s imil arly extracted, all volumes 
being increased 5-fold. The chloroform extracts (volumes being 120 and 
60 cc., respectively) were shaken for 30 seconds at 0-5° ndth 8 cc. of a 
Sprensen phosphate buffer at pH 7.0. The chloroform layer was discarded 
and 12 cc. of fresh chloroform and 2 cc. of 0.4 K hydrochloric acid were 
added. The penicillin was thus reextracted and the analyses were com- 
pleted as usual with satisfactory results. 

Reduced Chloroform Volume — ^The above e.xperiments were repeated and 
the volumes were multiplied by tbe appropriate factor of 5 or 10, but only 
12 cc. of chloroform were used for each extraction. The chloroform ex- 
tract was then used directly in the test procedure and the analyses were 
completed as usual. Satisfa:ctory data were obtained in analyses of the 
solutions containing 0.0125 to 0.05 y of penicillin per cc., but excessive er- 

* This compound has presumably been synthesized heretofore, but a description of 
the compound and its synthesis has not been found. 
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ting the mother liquor. After recrystallization from the same solvent, the 
compound melted at 142-143°. 

CnHijNsOCl. Calculated. C 63.68, H 5.34, N 13.93 
Found. " 63.90, “ 5.26, “ 14.04 

Spectrophotomeiry — With the Beckman spectrophotometer, aqueous 
solutions of the aminoacridine were examined in the near ultraviolet and 
visible regions of the spectrum with the results shotvn in Fig. 1. In acidic 



Fig. 1. The absorption of aqueous solutions of 2-niethoxy-6-chloro-9-03-aminoeth- 
yl)niinoacridine at pH 1.4 (Curve 1), at pH 8.1 (Curve 2), and at pH 9.8 (Curve 3). 

solution (pH 1.4) the product e.xhibited a band at 345 m/z and a broad 
band in the visible region tvith maxima at 421 and at 443 mp. The milli- 
molecular extinction coefficients at these wave-lengths were 5.35, 9.00, and 
8.10, respectively. The absorption of the solution changed with increasing 
pH. The change was pronounced at pH 8.1 and essentially complete at 
pH 9.8. At the latter pH, there were small bands at 343 and 360 and a 
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broad band with a maximum at 417 mii. The millimolecular extinction 
coefficients at these wave-lengths were 2.82, 3.32, and 6.30, respectively. 
These data indicate that the product is a homologue of atabrine.^ One 
may infer that the product is an even stronger base than atabrine, and that 
the primary amino group is the strongest of the three basic groups. Iso- 
bestic points were observed at 353 and 395 mp. One may therefore infer, 
further, that the product exhibits a tautomerism, which is similar to that 
observed with atabrine (2) and which is limited in the pH range under 
consideration to two molecular species. 

PrepaTalion of Penicillin Solutions — All solutions are submerged in an 
ice bath and must be kept cold (0-5°) throughout. The procedure is 
carried out as follows: 

To 8 cc. of an aqueous solution containing 0.0625 to 0.625 y of penicillin 
per cc., there are successively added 12 cc. of reagent chloroform and 2 cc. 
of a Sprensen glj’cine buffer at pH 2.0. The mixture is immediately shaken 
vigorously for 30 seconds. The phases are allowed to separate during 30 
to 60 seconds. The chloroform layer is run into a chilled, glass-stoppered 
graduate and rapidly dried with 1 to 2 gm. of anhydrous sodium sulfate. 

Application of the extraction method to larger volumes of more dilute 
solutions may be accomplished in three ways. A double extraction of the 
penicillin may be employed, the penicillin may be extracted uith propor- 
tionally smaller volumes of chloroform, or the chloroform extract may be 
concentrated prior to condensation. These procedures were studied as 
follows: 

Double Extraction — 80 cc. of each of three solutions (containing 0.00625 
to 0.025 y of penicillin per cc.) were extracted as described, but aU volumes 
were increased 10-fold, and 40 cc. of each of three solutions (containing 
0.0125 to 0.05 y of penicillin per cc.) were similarly e.xtracted, aU volumes 
being increased 5-fold. The chloroform e.xtracts (volumes being 120 and 
60 cc., respectively) were shaken for 30 seconds at 0-5° uith 8 cc. of a 
Sprensen phosphate buffer at pH 7.0. The chloroform layer was discarded 
and 12 cc. of fresh chloroform and 2 cc. of 0.4 n hydrochloric acid were 
added. The penicillin was thus reextracted and the analyses were com- 
pleted as usual with satisfactory results. 

Reduced Chloroform Volume — The above experiments were repeated and 
the volumes were multiplied by the appropriate factor of 5 or 10, but only 
12 cc. of chloroform were used for each extraction. The chloroform e.x- 
tract was then used directly in the test- procedure and the analyses were 
completed as usual. Satisfantorj' data were obtained in analyses of the 
solutions containing 0.0125 to 0.05 y of penicillin jjer cc., but excessive er- 

* This compound has presumably been synthesized heretofore, but a description of 
the compound and its synthesis has not been found. 
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rors occurred in the analysis of the more dilute series of solutions. The 
analytical results are lowered by distribution effects, and a corresponding 
calibration curve is required if this procedure is used. 

Concentration of Chloroform — ^With proportionally larger volumes through- 
out, dilute penicillin solutions were extracted and the thoroughly dried 
chloroform extracts were evaporated to an appropriate volume in a current 
of dry air at 0-5°. Analyses gave satisfactory results. 

Of the three methods of concentration, the first appears to be the one of 
choice, although the second is the simplest. The third method is not 
suited to routine use. 

In the application of this process to urine, the filtered sample is diluted 
1:50 or more, and 8 cc. of the diluted urine are extracted as usual. This 
dilution limits the sensitivity of the method somewhat, but the limitation 
is not significant in studies of the urinary excretion of therapeutic doses 
of penicillin, nor is the dilution obligatory. Smaller dilutions may be 
used, but fluorescent urinary pigments then become measurable and larger 
blanks must, consequently, be subtracted from final readings. 

Application of the extraction process to whole blood or plasma involves 
a preliminary preparation of a protein-free filtrate. By the Haden modi- 
fication (3) of the Folin-Wu method, 8 cc. of centrifugate are readily ob- 
tained, and the pH is adjusted to pH 2.0 by the addition of 2 cc. of 0.1 
N hydrochloric acid instead of the glycine buffer recommended above. 
Apparently, some sorption’® of penicUlin on the blood proteins occurs during 
this procedure, because when penicillin was added to whole blood in con- 
centrations of 1 and 2 y per cc. the average recovery in a limited series of 
nine determinations was 77 (±9) per cent. In order to correct for this 
discrepancy, final answers are divided by the factor 0.77. The 1:10 
dilution of blood limits the sensitivity of the method. Analyses may be 
completed upon 1 cc. of whole blood or plasma containing Q.625 y of peni- 
cillin per cc. or more, but in order to measure concentrations as low as 
0.125 y per cc. 5 cc. of blood are required. • 

It should be emphasized that no method involving the extraction of 
penicillin can give reproducible results unless the extraction process is 
reproducible. In order to keep variations at a minimum, it is necessary 
to keep the temperature low, to limit the e.xtraction time, and to maintain 
the extraction efficiency constant by uniform vigorous shaking. The aque- 
ous phase must have pH 2, but the penicillin which is unstable must not be 
permitted to remain in this phase for significant periods of time. Glass- 
ware must be scrupulously clean and must not contain traces of fluorescent 
stop-cock grease, and solvents must be free of fluorescent contaminants. 

* Sorption effects appear to be diminished by precipitating the blood proteins at 
higher dilutions. Direct extraction from diluted whole blood was not studied. 



J. V. SCTIDI AXD T. C. JELINEK 


199 


Tcsl Procedure — To 5 cc. of benzene containing 10 mg. of the aminoacri- 
dine, there are successively added 2 cc. of reagent grade acetone, 10 cc. of the 
chloroform penicillin extract, and 5 cc. of a solution containing 10 cc. of 
glacial acetic acid in a liter of benzene. The reaction mixture is allowed to 
stand in a closed container at room temperature in the absence of light for 
1 hour, ±5 minutes.’ The reaction mixture is then \-igorously shaken for 
10 seconds in a 125 cc. separatorj’ funnel uith 10 cc. of 0.5 n sodimn hy- 
droxide. After phase separation, the lower, organic layer is removed. The 
alkaline solution is shaken vigorously for 5 seconds with two successive 
5 cc. portions of chloroform, the chloroform layer being removed after 
each phase separation. The alkaline solution is acidified with 1 cc. of 
glacial acetic acid and the condensation product is extracted from the re- 
action mixture with 15 cc. of butanol-benzene solution (1:2 by volume) 
by shaking vigorously for 30 seconds. The aqueous laj'er is discarded 
and the organic la3’er shaken for 30 seconds with 10 cc. of 5 per cent 
aqueous acetic acid. The aqueous layer is discarded and 50 cc. of 
chloroform followed by 15 cc. of 0.5 n sodium hj'droxide are added. The 
condensation product is transferred to the aqueous phase bj’ shaking for 30 
seconds. The lower organic layer is discarded and 1 cc. of concentrated 
hj’drochlorio acid is added to the alkaline solution. The acidic solution is 
placed in the cuvette and its fluorescence intensitj’ measured. 

Fluorescence Measurements — As the aminoacridine used in the test pro- 
cedure is a close analogue of atabrine, it maj' be expected to possess similar 
fluorescence characteristics. This assumption is in agreement with the 
results of Butler’s studies (4) of the distribution of radiant energy in the 
fluorescent spectra of atabrine and other acridine derivatives including 
metabolic products of atabrine.* On this assumption, measurements of 
the aminoacridine and of the condensation product were made in the Pfaltz 
and Bauer fluorophotometer, model B, equipped with the filters recom- 
mended (5, 6) for the measurement of atabrine. A No. 5113 Coming glass 
filter, 2 mm. in thickness, was placed in the path of the incident beam, and 
a No. 3385 Coming glass filter, 2 mm. in thickness, was placed between the 
sample and the photocell. Equally good results were obtained with the 
Pfaltz and Bauer instrmnent equipped with the ribofla\'in filters sold bj* 
these manufacturers. 

Before a series of measurements is made, the fluorophotometer must be 
adjusted to a constant light intensitj'. This maj' be done convenientlj' bj- 
means of an appropriate fluorescent glass block (7), but in the present work 

' At the end of this time the extractions are begun and these should be completed 
as rapidly as possible with a minimum exposure to light. A shaded hood is suitable 
for this purpose, Iiow actinic Coming glassware may also be suitable. 

* Pereonal communication from Dr. Butler. 
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this was done with a solution of 0.8 7 of the aminoacridine in 16 cc. of 4 
N hydrochloric acid.® The fluorescence of this standard solution was ar- 
bitrarily adjusted to 60 per cent of the galvanometer scale. To eliminate 
the influence of variations in the electric current, two equally balanced 
cuvettes were employed. One was used for the standard and the other for 
the unkno\vn solution, and the instrumental setting was checked against 
the standard before and after reading unkno^vn solutions. 

It is necessary to subtract from final readings the values obtained in blank 
determinations. In a series of thirteen blank determinations the average 
value was 9.1 (±0.9). This value maybe subtracted from final readings, 
but, since the blank fluorescence may vary with different samples, it is 
preferable to perform blank determinations with each series of analyses. 

Calibration — series of aqueous solutions containing 2 and 3 7 of pen- 
icillin was extracted with chloroform. The penicillin so extracted was 
allowed to condense with the aminoacridine, but the condensation time 
was varied by shaking out the reaction mixtures viththe 0.5 n sodium hy- 
droxide at 10 minute intervals. The analyses were then completed as 
usual. The analytical data indicated that the condensation reaction 
reaches a maximum at 30 minutes, and that the yield of product remains 
constant thereafter. Variations of ±5 minutes in the condensation time, 
which was arbitrarily limited to 1 hour, produce no detectable errors. 

In a series of twenty-four analyses of standard solutions containing 0.0625 
to 0.625 7 of penicillin per cc., the average galvanometer deflection per mi- 
crogram of penicillin was 14.1 (±1.4) per cent of the scale. Of the twenty- 
four readings at hand, fifteen deviated by less than 1.5, eight deviated by 
1.5 to 2.5, and one deviated by 4 units from the mean of 14.1. The aver- 
age deviation from the mean, expressed in terms of analytical error, is ±10 
per cent, which is about the precision to be expected for fluorometric 
methods. 

Sensitivity — It is frequently possible to increase the sensitivity of fluo- 
rescence methods by adding to the test solution substances which enhance 
its fluorescence. For this reason substances known to augment the 
fluorescence of aqueous atabrine solutions were investigated. The fluo- 
rescence intensity of the aminoacridine was maximum in appro.ximately 
4 N hydrochloric acid. Sulfuric acid was essentially equivalent to hy- 
drochloric acid, whereas acetic acid gave much less satisfactory results. 
The Ferrari reagent ( 6 ) gave no appreciable enhancement. 

The method, as presented, is directly applicable to solutions containing 
0.0625 to 0.625 7 of penicillin G per cc. For more dilute solutions, larger 
volumes may be concentrated as described above. The sensitivity of the 

‘ Such solutions are stable for at least 1 week. Higher concentrations in 0.01 n 
acid arc stable for longer periods of time. 
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method, expressed in terms of the minimum weight of penicillin rather than 
its concentration, is limited by the volume of solution required for the fluoro- 
metric measurement. With a fluorophotometer capable of recording the 
fluorescence of 1.5 cc. of solution, instead of the 15 cc. of solution required 
for the Pfaltz and Bauer instrument, the sensitivity can be increased by a 
factor of 10 by a simple reduction of voliunes throughout the test 
procedure. 

Specificity — All of the specificity requirements incorporated in the colori- 
metric method for the determination of penicillin (1) are inherent in the 
fluorescence method. 


SUMStiRT 

A fluorometric method for the determination of small amounts of peni- 
cillin has been described. The method is precise to ±10 per cent, and may 
be used bj’ a trained operator to complete eight analyses in about 2 
hours. Preliminarj' results indicate that the method is applicable to the 
analysis of hlood and urine. 
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AAHNO ACIDS IN THE PRODUCTION OF GRANULOCYTTS IN 

RATS 

Br ARTHUR KORNBERG 
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The importance of Lactobacillus casei factor (LCF, “folic acid”) in. the 
production of pobnnorphonuclear granulocytes and erjdhrocytes in rats 
has been demonstrated (1-3). More recently it was fotmd that limitation 
of food intake (4) has a profound effect upon granulocyte production. 
Further, when rats are fed diets of low protein content, severe granulo- 
cytopenia and anemia develop imiformly (5). The granulocytopenia is 
effectively corrected onl}’’ by the combined administration of LCF and 
casein or LCF and a mixture of pimified amino acids. In the present study 
the identity of the amino acids required for the production of granulocytes 
has been determined. Some data on the amino acid requirements for 
etythrocyte production are also reported. 

experimentai. 

For the production of granulocytopenia, albino rats within 1 week after 
weaning were fed a protein-free, basal diet (No. 1055’) as in previous studies 
(5). Of 772 rats (716 Osborne and Mendel, 56 National Institute of 
Health strain) fed this diet, 636 survived 18 daj's or more and granulocyto- 
penia was noted in 511 (80 per cent). These granuloc 3 topenic rats were 
the animals used in the studies for the determination of the effectiveness of 
various proteins and amino acid mixtures in the production of granulocytes. 
The granulocjtopenia was noted after an average of 21 days (range 14 to 

43) on the basal diet. The average body weight was 44 gm. (range 31 
to 65) when the rats were placed on the basal diet and 30 gm. (range 22 to 

44) when granulocytopenia was first noted. 

Total white blood cell counts, poljTnorphonuclear granulocyte counts, 
and hematocrit determinations were made as previously described (3). 

‘ The casein-free diet, No. 1055, consisted of anh 3 -drous dextrose (llerck, U. S. P.) 
86.76 gm., Crisco 8.0 gm.. Salt Mixture 550 (3) 4.0 gm., ferric citrate 1.16 gm., and cop- 
per sulfate 'SHiO O.OS gm. Into this diet were incorporated 1 mg. of thiamine hj'dro- 
chloride, 2 mg. of riboflaxin, 1 mg. of pj-ridoxine hydrochloride, 4 mg. of calciiun 
pantothenate, 2 mg. of niacin, 200 mg. of choline chloride, 0.001 mg. of biotin, and 0.4 
mg. of 2-methyl -1,4-naphthoquinone. Twice weekly each rat received a supplement 
of 055 cc. of com oil containing 2000 units of vitamin A and 200 units of xitamin D 
(Natola) and once weekly 3 mg. of a-tocopherol in 0.03 cc. of ethyl laurate. 
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AMINO ACID EFFECT ON GRANULOCYTES 


Granulocytopenia was considered to be present when the polymorphonu- 
clear granulocytes numbered 500 or fewer cells per c.mm. 

The development of granulocytopenia usually preceded the development 
of a severe anemia. Of the 64 rats without granulocytopenia but having 
hematocrit values under 30 volumes per cent, twenty-five developed granu- 
locytopenia in 2 days (average) and the remaining rats survived only 4.4 
days (average). The survival of granulocytopenic, non-anemic rats vdth- 
out adequate treatment was equally poor. Since at least 8 to 10 days are 
required for evaluating erythrocyte production, these experimental condi- 
tions were inadequate for this tjrpe of study. Therefore, the major em- 
phasis in these experiments has been placed upon the evaluation of granulo- 
cyte production. However, the routine determination of hematocrit has 
jdelded some significant data concerning eiythrocyte production. 

Treatment to correct the granulocytopenia was started on the day of its 
detection. Administration of synthetic LCF^ (100 y daily by mouth) for 
4 days produced an increase in the average granulocyte count from 316 to 
936 cells per c.mm. (Table I). In none of thirteen rats treated in the 
previous study (5) or in twenty-nine rats treated in the present study 
(Table I) did the granulocyte level exceed 1800 cells per c.mm. The ad- 
ministration of casein in the absence of LCF was usually followed by a 
progressive decline in the number of granuloc 5 i;es. Therefore, in tests to 
determine the influence of various proteins and amino acids on the produc- 
tion of granulocytes, LCF has been administered routinely (100 y daily 
by mouth) along with the substance under test. The response of an in- 
dividual rat to treatment has been considered “significant” in this test 
when the granulocyte recount after 4 days treatment exceeded 2000 cells 
per c.mm. The pretreatment values cited in Tables I, II, and III include 
only the values obtained from rats which sundved the indicated treatment 
periods. No differences existed between the average pretreatment values 
obtained from rats which survived and those from rats which failed to 
.survive the treatment period. 

In testing for the effectiveness of various proteins and amino acids, the 
substances were incorporated into the diet by replacing equal weights of 
dextrose. The proteins were administered at an 18 per cent level, except 
in the case of casein with which 30 and 50 per cent levels were also tried. 
When amino acids were used to supplement deficient proteins, the combined 
weight of the natural amino acids and protein made up 18 per cent of the 
diet. In all cases in which racemic acids were used, only the natural form 
contained in them was considered.® Mixtures of amino acids were admin- 

’ The synthetic LCF (6) was furnished through the courtesy of Dr. E. L. R. Stok- 
stad and Dr. B. L. Hutchings of the Lederle Laboratories, Inc. 

* Throughout this study, the amino acid isomers used were as indicated in the foot- 
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istered in the combinations and weights indicated in Table II. The pro- 
teins used were casein (Labcc^, powdered egg white (Armour), zein (Com 
Products Refining Companj-), gelatin (U. S. P., Baker), oxidized casein 
(prepared according to Toennies (7)), and dried human plasma.’ 

During the period of test, observations were made of food intake and bodj' 
weight. 

Effects of Various Proteins on Granulocyte Production — The data in Table 
I indicate that, while LCF alone or casein alone was ineffective in correcting 
granulocytopenia, a combination of LCF with casein or \vith egg white was 
quite effective. Casein, treated in formic acid solution with hydrogen 
pero.xide to destroy* methionine and tryptophane (7), was ineffective unless 
supplemented with both methionine and tryptophane. Dried human 
plasma was effective only after isoleucine was added. Zein and gelatin were 
ineffective. Supplementation of zein with tryptophane, lyrsine, histidine, 
and valine and supplementation of gelatin with tryptophane were also 
ineffective. 

Effects of Amino Acid Mixtures on Granulocyte Production — ^The data 
ia Table II indicate that LCF combined with a mixture of the ten “essen- 
tial” amino acids was effective in correcting granulocytopenia. I\Tien 
arginine was omitted from the diet, six of eleven rats reached granulocyte 
levels of 2000 cells or greater. Omission of any- other of the remaining nine 
essential amino acids, however, resulted in failure to produce significant 
granulocyte responses in 86 of 90 rats. Those four am'mals of the latter 
group which did show favorable responses lost weight, and only* one sur- 
nved 4 days bey’ond the recount. It may* be noted that when the dietary 
level of essential amin o acids (natural form) was raised from 8.7 to 18.0 
per cent the survival was profoundly reduced. 

Effects of Various Proteins and Amino Acid Mixtures on Erythrocyte 
Production — Routine determinations of hematocrit have been made in the 
studies of granulocyte production. The average hematocrit value at the 
time of detection (and treatment) of granulocytopenia was 32 volumes per 
cent. Distribution of the 512 indi^’idual values was as follows: >40 vol- 
■mes per cent, 13.3 per cent; 39 to 30 volumes per cent, 55.4 per cent; 29 
to 20 volumes per cent, 28.5 per cent; <20 volumes per cent, 2.7 per cent. 
As was noted previously*, longer obser\'ation periods are necessary* for 
studying the regeneration of eiythrocytes as compared with the regenera- 
tion of granulocy’tes (9). The poor survival of granulocy*topenic rats with 

note to Table II. Sodium bicarbonate was included in the diets (in place of equal 
weights of de.T;trose) to neutralize the hydrochlorides of the dibasic acids. 

* .•Administered at a dietary level of 2S.S per cent to correct for non-protein con- 
stituents. This material, imfit for clinical use, was furnished by the Biologies Con- 
trol Laboratory through the courtesy of Dr. M. V. Veldee. 
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inadequate treatment did not permit data to be obtained on the effect of 
some proteins and amino acid mixtures on erythrocyte regeneration. The 

Table I 


Effect of Various Proteins on Production of Granulocytes 


Treatment* 

Amino acids 

No. of rats treated 

bf) 

.5 

h 

5*5 

©2 
O rt 

Polymorphonuclear 

granulocytes 

Total white 
blood cells 

Per cent 
of sur- 
viving 
rats 
with 
signifi- 
cantt 
CTanu- 
locj'te 
re- 
sponses 

No. of rats with 
signiheantt granu- 
locyte responses 

Average values 

Average values 

Before 

treat- 

ment 

After 
4 clays 
treat- 
ment 

Before 

treat- 

ment 

After 

4 days 
treat- 
ment 






cells 

cells 

celts 

cells 







per 

per 

per 

per 







c.mm. 

c.mm. 

C.mm. 

c.mm. 


LCF 


29 

18 

0 

316 

936 

3980 

EEi 

0 

Casein 18% 


4 

3 

0 

200 

17 

5767 

DES 

0 

" 30% 


6 

6 

0 

267 

67 


1,983 

0 

“ 60% 


6 

4 

0 

413 

575 

3438 


0 

LCF + casein 18% 


13 

11 

7 

359 

2836 

511^ 

TiR' 

64 

“ + “ 30% 


9 


6 

393 

4078 

4457 


86 

" + '• 50% 


17 


5 

267 

2864 

3143 

8,293 

71 

“ + oxidized 


22 


0 

362 

912 

5131 

3,792 

0 

casein 










<( << 

Methionine 

19 

9 

1 

350 

1061 

4421 

3,594 

11 

it it 

Tryptophane 

15 

6 

1 

317 


5682 

4,766 

17 

(t << 

Methionine + 

16 

13 

10 

296 

2969 

3911 

8,946 

77 


tryptophane 









LCF 

Same 

6 

5 

0 

380 

mi 




“ + dried human 


5 

5 

0 

330 

H 

s 



plasma 










if it 

Isoleucine 

8 

4 

4 

250 

6113 


19,125 


LCF + zein 


20 

9 

0 

305 

B 


3,144 

0 

<1 _|_ (( 

Tryptophane 

8 

4 

0 

2)2 






Tryptophane + 

8 

6 

1 

266 


2809 


17 


lysine 









(t 1 it 

Tryptophane + 

7 

7 

0 

314 

835 

4114 

5,435 



lysine + his- 










tidine 









<• ^ « 

Tryptophane -F 

9 

4 

0 

250 

1175 

4225 




lysine -}- his- 










tidine -f val- 










ine 









“ + gelatin 


12 

9 

0 

305 

733 

4177 

3,822 


4- ** 

Tryptophane 

B 


1 

364 


3371 

3,936 

14 

ft ^ ff 

Tryptophane 



1 







methionine 









“ + egg white 



9 

6 

322 

4822 

4417 


67 
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Table I — Concluded 

* Locloiadllus easel factor (LCF) (100 y) was administered daily by pipette. 
Proteins were incorporated as 18 per cent of the diet e.xcept as otherwise iniUcated. 
Amino acids were incorporated in the diet in the amounts used in amino acid 
JGxture I (see foot-note to Tabic II). The combined weight of the natural amino 
acids and protein made up IS per cent of the diet. 

t A response was considered "significant” in these e.^eriments when the poly- 
morphonuclear granulocyte recount exceeded 2000 cells per c jnm. 

effects of proteins and amino acid mixtures for which data were obtainable 
are presented in Table III. These data indicate that, as with granulocyte 
production, LCF or casein administered singly was ineffective, while their 
combiaed administration was effective. Oxidized casein promoted eryth- 
rocjie production only when supplemented with both methionine and 
ti^Titophane. Casein was replaceable to a large extent by a mixture of ten 
essential amino acids. 

General Findings — ^Edema was noted in six rats on the protein-free basal 
diet after 21 to 25 daj-s. In twenty-five rats edema was observ'ed 1 to 9 
dsj’s (average of 3 days) after the therapeutic administration of diets con- 
taining incomplete amino acid mixtures (Table 11). Nine of these twenty- 
five rats were fed the threonine-free diet and seven the methionine-free 
diet. The edema was most prominent in the anterior thoracic region where 
it was noted in all but a few of the animals. A few rats had swollen fore 
limbs. 

Serum protein determinations were made by a specific gravity' method 
(10). An average concentration of 3.3 gm. per cent (range, 2.8 to 4.0) 
was obtained for nine rats after 18 days on the protein-free, basal diet as 
compared with an average value of 5.8 gm. per cent (range, 5.4 to 6.2) for 
ten rats fed an IS per cent casein-containing diet for the same period. 

Low protein intake has been showu to depress the fiver storage of ribo- 
flavin and mcotinic acid (11). Therefore, some tests were made to deter- 
mine whether these or other vitamins might influence the favorable granu- 
locyte responses of these protein-depleted rats to therapeutically admin- 
istered casein. Four granulocytopenic rats were treated with LCF and 
an 18 per cent casein-containing diet from which all vitamins were ex- 
cluded. Pretreatment granulocyte levels of 200, 200, 300, and 500 cells 
per c.mm. increased after 4 days treatment to levels of 3050, 3150, 3100, 
and 10,550 cells per cmm. respectively. Thus under these particular 
conditions the absence of xitamins did not impair the production of granu- 
locytes. 

Leucopenia was noted in most protein-depleted rats. Average values 
were about 4000 cells per cunm. (Tables I and 11). The responses of the 
total white blood cell count to treatment with various proteins and amino 
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Table II 


Effects of Various Amino Acid Mixtures on Production of Gramdocytes 





PoljTnorphonuclcar 

granulocytes 

Total white 
blood cells 


Lfaclobacillus casei 
factor (100 y daily) combined 
with amino acids 

No. of 
rats 
treated 

No. of 
rats 

No. of 
rats 
with 
signih- 
cant* * * § 
granu- 
locyte 
re- 
sponse 

Average values 

Average values 

Per cent of 

sur- 

viving 

after 

A days 

Before 

treat- 

ment 

After 

4 days 
treat- 
ment 

Before 

treat- 

ment 

After 

4 days 
treat- 
ment 

rats with 
significaDl* 
granulocyte 
responses 

Mixture It 

12 

12 

10 

celts 

per 

c.mm. 

271 

cells 

per 

c.mm. 

3091 

cells 

Per 

c.mm. 

3354 

cells 

per 

c.mm. 

9,350 

83 

“ lit 

21 

16 

13 

366 

4181 

3372 

ttKiW 

81 

“ II1§ 

17 

5 

2 

290 

2710 

3860 

hIm 

40 

“ 11 less arginine.. 

16 

11 

6 

250 

2254 

3195 

7,814 

55 

“ “ “ histidine.. 

15 

12 

0 

304 

433 

3675 


0 

“ “ “ isoleucine. 

20 

12 

1 

350 

654 

4179 

2,162 

8 

“ “ “ leucine. 

16 

8 

0 

306 

644 

3769 

2,319 

0 

“ “ “ lysine... 

17 

10 

0 

340 

575 

4520 

3,725 

0 

methionine. 

20 

9 

0 

311 

750 

3806 

2,739 

0 

phenylala- 
nine 

20 

8 

1 

312 

1156 

6081 

4,056 

13 

Mixture 11 less threonine.. 

30 

13 

1 

262 

665 

3738 

2,792 

8 

(( (( (1 , . 

trypto- 
phane.. .... 

20 

11 

1 

291 

954 

4336 


9 

Mixture II loss valine . . . 


7 

0 

336 

79 

4621 

2,636 

0 


* A response was considered “significant” in these experiments when the poly- 
morphonuclear granulocyte recount exceeded 2000 cells per c.mm. 

t Amino acid Mixture I was incorporated as 24.02 per cent of the diet and con- 
sisted of Z-arginine monohydrochloride 1.14 gm., Z-histidine monohj'drochloride 
0.61 gm.) dl-'iBoleucine 1.44 gm., Z-leucine 2.62 gm., Z-Zysine monohydrochloride 1.72 
gm., dZ-methionine 0.63 gm., dZ-phenylalanine 1.40 gm., dZ-threonine 1.40 gm., !- 
tryptophane 0.41 gm., dZ-valine 2.88 gm., dZ-aspnrtic acid 1.40 gm., dZ-alanine 0.68 
gm., Z-cystine 0.23 gm., Z-glutamic acid 3.96 gm., glycine 0.54 gm., Z-hydroxyproline 
0.36 gm., dZ-norleucine 0.45 gm., Z-proline 1.44 gm., dZ-serine 0.54 gm., Z-tyrosine 1.17 
gm. In 24.02 gm. of these twenty acids were 18.0 gm. of free, natural acids. This 
mixture is No. Xll-c of Rose and Fierke (8) with slight modifications (5). 

J Amino acid Mixture II was incorporated as 13.25 per cent of the diet and con- 
sisted of the first ten amino acids (“essential” amino acids) enumerated in the com- 
position of Mi.xture I in the amounts indicated above. In 13.25 gm. of these ten 
acids were 8.70 gm. of free, natural acids. 

§ Amino acid Mixture III was incorporated as 33.18 per cent of the diet, and con- 
sisted of the first ten amino acids enumerated in the composition of Mixture I in the 
same relative concentrations. In 33.18 gm. of these ten acids were 18.1 gm. of free, 
natural acids. 
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acid mixtures were qualitatively similar to those of the granulocj'te count. 
However, the total white blood cell count increased by only 2- to 3-fold 
under favorable treatment, while the granulocj'te responses were usuallj' 
greater than 10-fold imder similar treatment. 

Table III 


Effects of Various Proteins and Amino Acid ifixtures on Production of Erythrocytes 





Hematocrit ^-alues (average ard range) 

Treatarnt* 

No. of rats 
treated 

inrvnrinp 
after 8 
days 

Before 

treatment 

After 8 days 
treatment 

Per cent 
change in 
average 
s-aloes 

LCFf 

29 

9 

tal. f<T cent 

35 (27-41) 

til. per cent 

23 (17-33) 

-34 

Casein 18-50% 

16 

! 3 

30 (26-.39) 

22 (14-35) 

-27 

LCF casein 18% 

13 

11 

30 (21-38) 

39 (29-48) 

-f30 

“ + “ 30% 

9 

1 6 

34 (30-39) 

1 45 (34-52) 

I -i-32 

" + “ 50% 

17 

1 6 

34 (29-40) 

47 (44-49) 

-f38 

" -1- oxidized casein 

22 

1 4 

36 (31-40) 

28 (18-34) 

-22 

** ^ ** ** 

-f methionine 

19 

3 

36 (33-38) 

26 (21-29) 

-28 

LCF oxidized casein 
+ trj-ptophane 

15 

5 

36 (30-43) 

28 (14-35) 

-22 

Luf + oxidized casein 
+ methionine + trj-pto- 
phane 

16 

12 

33 (21-42) 

37 (32-43) 

■fl2 

LUF -h methionine + tryp- 
tophane^ 

6 

3 

39 (33-42) 

25 (20-31) 

-36 

LCF -1- egg white 

11 

9 

33 (25-42) 

39 (28-49) 

+18 

+ amino acid ^lixture 

I 

12 

12 

34 (28-42) 

1 

39 (a«7) 

+15 

LCF -}- amino acid Mixture 
II 

21 

14 

34 (24-43) 

38 (32-44) 

+12 


’ These data are from the same rata which were treated for granulocs'topenia 
under conditions indicated in Tables I and II. 
t Lactobacillus casei factor. 


Proteins and amino acid mixtures which promoted an effective increase 
in granulocj’tes were generaUj' accompanied bj' gains in weight of 1 to 4 
gm. per daj'. Significant weight gains also occtured in some rats (t.e., 
treated with casein but not with LCF) in which granulocjdes failed to 
form. Weight loss or failure to gain in weight was noted in most rats in 
which granulocjde responses were poor. 

Failure to survive or poor granulocj'te responses could not be attributed 
to the quantity of food ingested. For example, the average dailj' food 
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intake of rats fed amino acid-deficient diets (Table II) was 3.0 gm. for those 
which survived 4 daj'^s treatment and 3.1 gm. for those that did not. No 
clear correlations could be made between food intake and granuloc 3 de 
responses of individual rats. Thus the four rats with favorable responses 
to amino acid-deficient diets (not including the arginine-free diet) (Table 
II) hati average daily food intakes of only 1.2 to 2.8 gm., while thirty-four 
of the 86 rats Avhich failed to respond had average intakes of 3.0 gm. or 
more. 


DISCUSSION 

The amino acid requirements' for the formation of pol 3 morphonuclear 
granulocytes as determined here in protein-depleted rats fall in line with the 
classic studies of Rose and his associates (12) on the amino acid require- 
ments of rats for body growth. Robscheit-Robbins, Miller, and WTiipple 
(13) have shown in the dog that a mixture of the ten essential amino acids 
and glycine favors new hemoglobin formation. Our preliminary findings 
in the rat have indicated too that a mixture of the ten essential acids is 
fairly effective in replacing casein in erythrocyte formation. Orten and 
Orten (14) have administered fifteen amino acids singly to anemic, protein- 
deficient rats and concluded that “no single amino acid can be regarded as a 
‘key’ amino acid in hemoglobin s 3 mthesis.” Further evidence is provided 
by studies of isolated deficiencies in rats of lysine (15), tr>T)tophane (16), 
phenylalanine (17), and isoleucine (18), which indicate that each of these 
acids may be made a critical element in the formation of erythrocytes. 
Madden, Anderson, Donovan, and Wiipple (19) reported that the ten 
essential amino acids plus glycine maintain nitrogen balance and promote 
plasma protein production in dogs. Thus it appears that the bulk of avail- 
able evidence on the formation of specific proteins is in good agreement with 
Rose’s studies on general tissue growth. This does not preclude the pos- 
sibility that certain special conditions may require some “non-essential” 
amino acids. 

The results with deficient proteins and amino acid supplements substan- 
tiate the findings with mixtures of amino acids. In addition, these results 
offer confirmation of the work of Toennies and Bennett (7, 20) on oxidized 
casein and of Orten, Bourque, and Orten (18) on the deficiency of isoleucine 
in blood proteins. However, the failure to make zein a suitable protein 
for granulocyte production even after supplementation vdth several amino 
acids, including tryptophane and lysine, is not in agreement with the work 
of Osborne and Mendel (21). The poor digestibility of zein and the de- 
pleted state of our rats may possibly be related to the differences in results. 

Certain observations in the present studies indicate the relative toxicity 
of some amino acid mixtures and of a high casein intake. Only one of 
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'seventeen rats fed a mixture of the ten essential amino acids at an 18 per 
cent dietary level "svas alive after an 8 day period as compared with the 
sirndval of fourteen of twenty-one rats fed the same mixture at half this 
level. It was also noted that the survival of rats fed gelatin with methio- 
nine and tryptophane was poorer than when gelatin alone was fed. It is 
noteworthy too that when fed a 50 per cent casein-containing diet only 
seven of seventeen rats receiving LCF survived a 4 day period, while eleven 
of thirteen comparable rats fed an 18 per cent casein-containing diet were 
alive after a similar period. The toxicities noted in the present work may 
depend on the prolonged period of complete protein deprivation that 
preceded the therapeutic administration of these proteins and amino acid 
mixtures. The nature of the defect responsible for the marked susceptibil- 
ity of these depleted animals is not clear. It is quite possible that the 
enzymic mechanism for the digestion, utilization, or elimination of proteins 
and amino acids may be seriously impaired. 

The poor survival of granulocytopenic rats has limited the period of 
obsen’ation following the therapeutic administration of inadequate proteins 
or amino acid mixtures. While this does not seriously limit the study of 
granulocytes (optimal responses of which are obtainable in 4 days), it does 
prevent an adequate study of the formation of hemoglobin, eiythrocj'tes, 
or plasma protein. Perhaps modification of the present technique by the 
early use of a depletion method, such as hemorrhage, followed by the ad- 
ministration of test proteins and amino acids may pro-vide suitable animals 
for such study. 

The e.xtremely high incidence of “folic acid” deficiency in rats fed these 
protein-free or low protein (casein) diets (5) as compared with the vei^' low 
incidence in rats fed 18 per cent casein-containing diets (1) is of great 
interest. Possibly related are the findings of Wright el al. (22) indicating 
the favorable effect of high casein diets on the growth of rats fed sulfasuxi- 
dine. The basis for these protein effects has not j'et been determined. 
Factors to be considered include the "folic acid” content of casein (includ- 
ing forms which may not be determinable by current techniques), the 
possible effect of protein on the storage, utilization, and retention of “folic 
acid,” and the reaction of intestinal flora to varying protein levels in the 
diet. 


StTMMABT 

1. The amino acid requirements for granulocj’te production were deter- 
mined on rats prepared from weaning on protein-free diets. A mixture of 
the ten “essential” amino acids (8.7 per cent of the diet) successfully re- 
placed casein or egg white in the production of granulocj'tes. Of these ten 
acids, none was dispensable except arginine which appeared to be essential 



212 


AMINO ACID Effect on granulocytes 


in only about half of the animals. Findings with amino acid supplementa- 
tion of oxidized casein and dried plasma substantiated findings with mix- 
tures of purified amino acids. 

2. In the production of erythroc 3 '’tes, the data indicate that a mixture of 
the ten essential amino acids can largely replace casein. Oxidized casein 
promoted erythrocyte production only when supplemented with methionine 
and tryptophane. 

3. Administration of the essential amino acid mixture at an 18 per cent 
level to the protein-depleted rats resulted in a high mortality. 

The author is indebted to Mrs. Vera Hopkins and Miss Miriam Mos- 
kowitz for their valuable assistance. 
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FREE TRYPTOPHANE IN BLOOD AND URINE* 
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Several schemes have been proposed for the fate of tryptophane in living 
organisms (1, 2) but relativelj' little is known about the distribution of the 
free amino acid in the animal body, primarily because no analytical tech- 
niques suitable for the routine determination of small amounts have been 
available until recently. In 1913 Abderhalden (3) used colorimetric 
methpds to demonstrate that tryptophane was present in deproteinized 
plasma. Somewhat later Cary and Meigs (4, 5) analyzed cattle plasma 
colorimetrically and found an average of 1.12 mg. of free trjqitophane per 
100 ml.; 25 ml. were needed for a single determination. The amoimts in 
blood were stated to vary with diet. More recently AJbanese and Frank- 
ston (6) have used a chemical method for determining trj’ptophane in 
human urine, but the results obtained were rou^y 10 times as high as 
those obtained by other methods (7). 

Many of the newer microbiological methods for the amino acids appear 
to be at least as specific as the chemical ones and much more sensitive. 
Dmm et al. (8) have used Laclohacillus arabinosus for the determination of 
tiyptophane in protein-free filtrates of human plasma, while Hier and 
Bergeim (9) have analyzed s imil ar filtrates from dog plasma for leucine, 
isoleucine, threonine, and valine. In this laboratory both Lactobacillus 
arabinosus and Streptococcus faecalis have been used for the determination 
of tiyptophane in urine (7, 10) . The present study deals with the apparent 
free tr^yitophane^ in the blood and urine of rats and other animals, and 
with the variations that result from certain changes in the diet. 

Methods 

Care of Animals — ^’'eanling or adult albino rats were kept singly in 
screen bottom cages. Mice were kept in groups of three to five in s imilar 
cages. Food and water were given ad libitum, and the a nimals were 

* Published vith the approval of the Director of the Wisconsin Agricultural Ex- 
periment Station. Supported in part by a grant from the Wisconsin .Alumni Re- 
search Foundation. 

' It is recognized that peptides or other compounds closely related to tryptophane 
may stimulate the growth of the organisms used. In the present discussion the term 
“tiyptophane” refers to microbiologically available compounds of this class, 
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weighed at weekly intervals. The diets (Table I) contained 0 to 80 per 
cent of purified casein (12) or 20 per cent of fibrin, 4 per cent of salts (11), 
5 per cent of corn oil (Mazola), and glucose (cerelose) or dextrin (cooked 
starch) to 100 per cent. 1 part of halibut liver oil was added to 1000 parts 
of the corn oil used. A synthetic vitamin m ixture (Table I) was added at 
a constant level to all of the diets except one from which pyridoxine hydro- 
chloride was omitted. Animals were maintained on these diets 3 to 5 
weeks before collecting urine or drawing blood. 

For the collection of urine, individual rats or groups of three to five mice 
were placed in a metabolism cage fitted with an outside feeder. The urine 
was collected under a small amount of toluene, and after 72 hours the 


Table I 

Composilion of Diets 


Purified casein (or fibrin) 

per cent 

0, 5, 10, 20, 45, 50, 80 

Corn oil -p 0.1% halibut liver oil 

5 

Wesson’s salt mixture (11) 

4 

Cerelose or dextrin to 

100 

1 

Pyridoxine hydrochloride 

y per tm 

0,2 5 

Thiamine chloride 

3.0 

Nicotinic acid 

5.0 

Calcium pantothenate 

20.0 

Riboflavin 

6.0 

Choline chloride 

500.0 

Inositol* 

500.0 

p-Aminobenzoic acid 

300.0 

Cystine 

1000.0 

Z ( — ) -Tryptophane 

0, 4800 


funnels were rinsed with distilled water until the volume of urine and 
washings was approximately 100 to 150 ml. per rat per day. This corre- 
sponds to about a 10-fold dilution of the original urine. The volumes were 
recorded and aliquots removed. After filtration the pH was adjusted to 
7.0, and the samples stored at 5°. Rat urine may be stored at this tem- 
perature for 1 week mthout appreciable destruction of tryptophane. 

Blood samples were withdrawn by heart puncture under light ether 
anesthesia into a 10 ml. syringe previously rinsed with a 2 per cent solution 
of sodiiun citrate. 4 to 8 ml. of blood were removed from each rat, the 
samples centrifuged vdthin a half hour, and aliquots of the plasma diluted 
6-fold vdth distilled water, hlicrobiological assays were then made -within 
36 hours. Hier and Bergeim (9) have sho^vn that blood samples may be 
stored for as long as 30 days wdth little change in the content of leucine. 




ECmN'EIGERT, SAUBERLICH, ELVEHJEM, BATJMA>rN' 


215 


isoleucine, valine, or threonine. Similar results -svere obtained in this 
laboratorj’- for tryptophane. 

Delerminalion of Tryptophane — ^The method used vas essentiallj' that 
reported previously (7, 13). Lactobacillus arabinosus vas grown on a semi- 
synthetic medium free from tryptophane, and aliquots of diluted plasma 
or urine were added in amoimts corresponding roughly to 1 to 10 7 of 
tryptophane per 10 ml. of medium. The cultures were incubated for 72 
hours at 37° and the acidity produced was measured by titration. Each 
sample of plasma or urine was added to the cultures at three different levels 
with duplicate tubes at each concentration, and a standard eurve for 
Z-trjq)tophane was run with each series. Known amoimts of the amino 
acid were added periodicallj* to aliquots of the blood or urine, with recov- 
eries of the added tryptophane ranging from 100 to 103 per cent. 

In preliminarj- tests with dog plasma, protein-free filtrates were prepared 
according to the method of Dunn et al. (8) and aliquots of the neutralized 
filtrate added to cultures of Lactobacillus arabinosus. The values for 
i-tryptophane obtained were somewhat lower than when diluted plasma 
was added directly, but the recoveries of added Z-tryptophane also tended 
to be low, 89 to 97 per cent when the protein-free filtrate was used. At- 
tempts were also made to determine the trj-ptophane in diluted whole 
blood. The values and recoveries obtained were considered satisfactory, 
but, because of color and turbiditj*, it was necessarj’ to use a pH meter for 
the titrations. 


Results 

Free Tryptophane in Blood of Various Species — Free tr\-ptophane was 
encoimtered in the blood of all species tested (Table II), and the amounts 
in the plasma of normal animals on stock diets were found to vary from an 
average of 9.2 7 per ml. in the cow to 21.0 in the mouse. Variations within 
species were usually about ±20 per cent from the average, although varia- 
tions of several hundred per cent can be produced within a species by 
altering the diet (see below) . The question is therefore open whether species 
differ per se in the levels of plasma tryptophane, or whether the amounts 
in the blood merely reflect differences in the dietary intake of this amino 
acid. IncidentaUj', the value for cattle, 9.2 7 per ml., is in fair agreement 
with the figure of 11.2 obtained by Cary and Meigs in 1928 by a chemical 
procedure. 

Effect of Diet on Blood Tryptophane — ^The level of free tryptophane in 
the blood was found to vary with the amount in the diet (Table III). 
Young rats fed for 6 weeks on a 10 per cent casein diet contained 10.5 7 
of free tryptophane per ml. of plasma; those on 20 per cent of casein av- 
eraged 16.8 7 per ml., while on 50 per cent of casein the average trypto- 
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phane content was 27.8 7 per ml. Variations within groups were fairly 
large. They did not, however, appear to be due to temporary fasting; 
blood from rats that had received no food for 4 hours contained as much 
tryptophane as blood from fully fed rats. 


Table II 

Free Tryptophane in Blood of Various Species* 



Portion used 

TryiiiophKtie 


Range 

Average) 

Dog 

Protein-free filtrate 

y per mJ 

10.7-13.5 

y per rd 

11.9 

i( 

Dilute plasma 

13.2-15.3 

14.3 

Rat 

Protein-free filtrate 

15.1-16.2 

15.7 

ft 

Dilute plasma 

13.6-16.3 

15.3 

it 

Whole blood 

15.1-20.3 

16.7 

Sheep 

Dilute plasma 

7.9-13.2 

10.6 

Cow 

tt it 

8.7- 9.6 

9.2 

Swine 

it it 

10.0-12.0 

11.0 

Mouse 

it if 

15.6-26.4 

21.0 


* We are indebted to Messrs. R. R. Spitzer, A. L. Pope, and W. R. Ruegamer for 


most of these samples. 

t Three to five analyses included in the averages. 


Table III 

Effect of Dietary Protein on Free Tryptophane in Plasma from Young Rats 


Diet 

No of 
animals 

1 Tryptophane per ml pUsma 

1 Ronce 

Average 




1 

7 

7 

10% casein . . 


10 

5.8-15.6 

10.5 

20% “ . . 


6 

13.7-20.8 

16.8 

50% “ 


11 

19.3-38.6 

27.8 

20% fibrin 


6 

20.5-35.2 

27.6 

10% casein -f Z-tryptophane = 40% casein 

6 

IS.CMS.G , 

1 

36.5 


The higher levels of free tryptophane in the blood seemed to depend 
upon the intake of tryptophane itself rather than upon the total amoimt 
of protein ingested; essentially the same blood levels resulted on a diet 
containing 20 per cent of fibrin as when 50 per cent of casein was fed. 
The tryptophane contents of the latter diets were very similar, 0.54 per 
cent^ and 0.6 per cent- of the total diet, lespectively, with a higher food 

® Microbiological determinations indicated that casein contained 1.2 per cent of 
tryptophane and fibrin 2.7 per cent. 










SCHWEIGERT, SAEBERUCH, EEVEHJEM, BATOIAJJX 


217 


intake on the fibrin diet tending further to equalize the intakes of trypto- 
phane. 

The highest blood levels, 3G.5 7 per ml., were reached when 0.48 per cent 
of Z-tri-ptophane was added to a diet containing 10 per cent of casein. 
This amount of tryptophane is equivalent to that in the “extra” 40 per 
cent of casein contained in the 50 per cent casein diet. Since the concen- 
trations of tryptophane in tlie blood were higher when the extra trypto- 
phane was fed as the free acid than when combined in casein, it would 
appear that the other amino acids in a protein exert some influence on the 
rate at which a given amino acid (in this case tryptophane) is absorbed 
and utilized. 

Essentially similar experiments were performed with adult rats except 
that two additional groups were included, one which was fed no protein 
in the diet, and another in which casein constituted 80 per cent of the total. 
Plasma from adult rats fed a protein-free diet for 4 weeks contained 9.2 7 
of trj'ptophane per ml. (6.4 to 12.8); plasma from rats fed the 80 per cent 
casein diet contained 23 7 per ml. (17.3 to 29.0). When intermediate per- 
centages of casein were fed, intermediate concentrations of tryptophane 
were found in the blood. 

Total Tryptophane in Certain Tissues — ^Tissues from both rats and mice 
were hydrolyzed for 5 days at 37° with a mixture of pancreatin and erepsin 
(14) and the trjTptophane content of the digests determined as before 
(7). In contrast to the free trjirtophane of the blood, which varied with 
diet, the total tryptophane in muscle and liver proved to be relatively 
insensitive to changes in dietary protein. Some typical results on the 
livers of yoimg rats are as follows: total tryptophane per gm. of fresh liver 
averaged 2.3 mg. (1.6 to 3.1) on the 10 per cent casein diet, 2.9 mg. (2.2 to 
3.9) on SO per cent of casein, and 2.5 mg. (2.2 to 2.8) on 20 per cent of 
fibrin. The amounts in muscle were 2.2 (1.9 to 2.4), 2.2 (2.1 to 2.4), and 
2.3 (2.2 to 2.4) mg. per gm. respectively on the three diets. Essentially 
the same amounts of tryptophane were present in the tissues whether 
vitamin Be was omitted from the diet, or was present in adequate amounts. 

Disappearance of Tryptophane from Blood — Two groups of rats were used 
in these e.xperiments. The first was fed a relatively complete 45 per cent 
casein diet (Table I) for 5 weeks after being weaned; the second was fed a 
similar diet from which the pyridoxine was omitted. The rats were then 
injected intraperitoneally wth a solution containing 4 mg. of Z-tr 3 'ptophane 
per ml. 1 ml. of the solution was given per 100 gm. of body weight. 30 
minutes later verj' high amounts of tryptophane were noted in the blood, 
47 .9 and 31.3 7 per ml. of plasma in the two groups respectively (Table IV). 
Thereafter the concentrations of the amino acid decreased rapidly, reaching 
normal levels within 2 hours. 
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Prior to the injection, and at all times thereafter, there was less free 
tryptophane in the blood of the pyridoxine-deficient rats than in the normal 
controls. Nevertheless, the rate of removal of the excess tryptophane from 
the blood was essentially the same whether pyridoxine had been fed or not. 


Table IV 

Disappearance of Injected Tryptophane from Rat Blood 


4 7 of f-tryptophane intraperitoneally per 100 gm. of body weight. 


Time after injection 

Tr>ptophane per ml plasma 

Norm'll rats 

Vitamin B» deficient rats 

hrs 

y 

r 

Uninjected 

17 (15-18) 

13.4 (11-18) 

h 

47.9 (44-58) 

31.3 (28-35) 

1 

22.5 (18-2^ 

14.2 (14-15) 

2 

15.3 (13-17) 

10.7 (9.5-11.8) 


Table V 

Effect of Dietary Piotein upon Urinary Excretion of Tryptophane hy Rat 


Diet 

Trjptophane ingested 
per rat daily* 

Tryptophane excreted 
per rat dailyf 

Per cent excreted of 
tr>ptophane ingested 

Young 

Adult 

Young 

Adult 

Young 

1 Adult 


mg 

mg 

mg. 

mg. 

■1 


0% casein 


0 


0.016 


HI 

5% ” 


6.8 



HI 


10% “ (cerelose) 

10.3 

12.4 

0.12 

0.084 

msm 


10% “ (dextrin) 

9.2 

10.0 

0.17 

0.075 

Ira 

Ira 

20% “ 

26.1 

36.7 

0.31 

0.19 

■HI 

0.51 

20% fibrin 

60.6 


0.27 


0.45 


50% casein 

59.6 

62.5 

0.48 

mSm 

0.80 

0.72 

S0% “ 

101.6 

132.3 

0.81 

Us 

0 SO 

0.31 

50% “ minus vit.amin Bj 

21.6 

26.1 

0.19 

0.14 

0.86 

0.56 


* Microbiological determinations indicated that casein contained 1.2 per cent of 
tryptophane and fibiin 2 7 per cent. 

t Most of the determinations are averages for at least four rats; many represent 
averages for ten to fourteen animals. 


This suggests that the primary reaction by which tryptophane is removed 
from blood is not impaired in the pyrido.xine-deficient rat, in spite of the 
fact that the over-all metabolism of this amino acid is abnormal, as mani- 
fested by the appearance of xanthurenic acid in the urine (15). 

Urinary Excretion of Tryptophane — The excretion of tryptophane was 
determined in three species, rat, mouse, and man, and the amounts excreted 
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in the urine were found to depend upon the amounts of tryptophane in- 
gested. Adult rats on a protein-free diet excreted only 16 y of tiyT)tophane 
daily (Table Y), but as progressively more casein was incorporated into the 
diet, the excretion of trj'ptophane was increased correspondinglj'. The 
largest amount excreted, 813 y per daj', was by a group of young rats that 
received an 80 per cent casein diet (Table Y). Other variations in the diet 
such as a change in the carbohydrate or the omission of vitamin Be did not 
appear to affect the excretion of tryptophane directly, although indirect 
effects were sometimes observed due to a marked change in the consump- 
tion of food, and therefore of trj’ptophane. Thus, young rats fed 50 per 
cent of casein excreted 477 y of tryptophane daily when the diet was ade- 
quate in vitamin Bs but only 186 y on a diet deficient in this vitamin. 
However, on the latter diet very little food was consumed, and the per- 
centages of ingested tryptophane that appeared in the urine were virtuallj' 
identical on the two diets, 0.80 and 0.86 per cent respectively. The over-aU 
average excretion of tryptophane by the various groups of rats was 1 per 
cent, the range being 0.31 to 1.86 per cent of that ingested (Table Y). 

Expressed as percentages of the tryptophane ingested, mice excreted 5 
to 10 times as much of the tryptophane as rats on comparable diets, and 
the amounts of tryptophane excreted by a 15 gm. mouse were often greater 
than those excreted by 100 to 300 gm. rats. Thus mice on 20 per cent of 
casein excreted an average of 350 y of tryptophane daily (Table W) as 
compared to 311 and 187 y by 3 ’oung and old rats respectivel 3 ^ (Table ^0 
on the same diet. The percentages of tryptophane excreted b 3 ' the mouse 
ranged from 4.3 by a p 3 Tidoxine-deficient group on 50 per cent of casein 
to 12.3 per cent by an adult group on 5 per cent of casein. However, most 
of the groups excreted about 5 per cent of that ingested, and the percentage 
excreted did not appear to be affected consistently b 3 ’ the level of protein 
in the diet or by the nature of the protein (casein versus fibrin), or b 3 ’ the 
absence of vitamin Bj. 

The large amoimts of apparent free tryptophane in mouse urine and in 
particular the presence of “tryptophane” in the urine of animals on protein- 
free diets raised the question whether the method of anal 3 'sis emplo 3 'ed was 
sufficient^' specific for the purpose intended. The production of acid b 3 ' 
Lactohacillus arabinosus is increased by certain derivatives of tryptophane 
such as indole and anthranilic acid (16, 17) even in the absence of trypto- 
phane itself. Conceivabl 3 ', therefore, the large amoimts of “tryptophane” 
m urine might consist in part of other substances. However, mouse urine 
extracted with ether 3 'ielded essentiall 3 ' the same values for tryptophane as 
did unextracted urine. This procedure effectively' removes indole (6, 17). 
Furthermore, the values obtained with Laclohacillus arabinosus could be 
duplicated with Streptococcus faecalis, which does not respond to either 
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indole or anthranilic acid (IG). Accordinglj^ the tryptophane excreted on 
protein-free diets is assumed to come from the tissues and the observed 
difference in tryptophane excretion between the rat and mouse is also re- 
garded as real. This difference parallels the previous observation that the 
pyridoxine-deficient mouse excretes a higher percentage of ingested trjTito- 
phane as xanthurenic acid than does the pyridoxine-deficient rat and 
further that increased amounts of dietary protein or tryptophane are partic- 
ularly deleterious to the deficient mouse (12, 18). 

Table VI 


Effect of Dietary Protein upon Urinary Excretion of Tryptophane hy Mouse 


Diet 

To'pt^phane 
inRcstcd per 
mouse daily 

To'Ptop^^ftne 
exerctea pjr 
mouse daily 

Per cent excreted 
of tryptophane 
consumed 

No. of 
urinary 
collcctioni* 

10% casein 

m?. 

1.9 

m.;. 

0.1 

1 

5.09 i 

4 

20% “ 

(1.6- 2.S) 
5.8 

(0.055-0.14) 

0.35 

(2. 0-8. 7) 
6.12 

4 

50% “ 

(5.8- 5.9) 
10.5 

(0.14 -0.57) 
0.59 

(2.5-9. 7) 
5.93 

4 

20% fibrin 

(10.0-12.3) 

12.2 

(0.24 -0.83) 
0.54 

(2. 2-8. 3) 
4.43 

4 

5% casein (adults) 

(9.7-17.7) 

1.4 

(0.25-1.0) 

0.18 

(2.6-9.4) 

12.27 

1 

10% “ minus vitamin 

2.1 

0.20 

9.45 

1 

Bb 

50% casein minus vitamin 

6.7 

0.29 

' 

4.3 

3 

Be 

(5.0- 7.7) 

(0.12 -0.5) 

1 

(2.5-6. 6) j 



* Three to five mice per collection. 


Human Urine — Preliminarj'’ analyses for tryptophane were made on 
urines^ from college women subsisting on diets that supplied 30 gm. of 
protein daily as either whole eggs or soy beans. The urinary tiyptophane 
per day averaged 6.9 mg. (5.5 to 9.8) which accounted for 1.5 per cent 
of the tryptophane ingested. Thus, as far as trj’-ptophane excretion is 
concerned, human beings would appear to resemble the rat more closely 
than the mouse. 


SUMMARY 

1. A microbiological assay revealed that the free tr 3 "ptophane in blood 
varied from 9.2 y per ml. of cow plasma to 21 y per ml. of mouse plasma. 
Plasma from the rat, dog, pig, and sheep yielded intermediate values. 

’ For these specimens we are indebted to Professor May Reynolds of the Depart- 
ment of Home Economics and her 1946 diet squad. 
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2. The apparent free tri^itophane in rat plasma increased with increaang 
percentages of protein in the diet, from 9.2 7 per ml. on a diet free from 
protein to 23.3 7 per ml. on a diet containing 80 per cent of casein. The 
adchtion of Z-trj-ptophane to the diet likewise increased the amount in the 
blood. 

3. When 2-tryptophane was injected intrapeiitoneally into rats, the levels 
in the blood ranged from 31 to 48 7 per ml., but returned to normal con- 
centrations after 2 hours. The rate of removal of tiyptophane from blood 
was essentially the same in rats depleted of pj-ridoxine as in control ani- 
mals receiving the vitamin. 

4. The amount of tryptophane in the urine was foimd to depend upon 
the amount in the diet. Roughly 1 per cent of the tryptophane ingested 
by rats was excreted as such in the urine. Human beings excreted 1.5 
per cent, while mice excreted from 4 to 12 per cent of that ingested. 
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THE SOLUBILITY CUEYE AND THE PURITY OF INSULIN 

bt j. lens 

(From the Organon Laboratories, Oss, Holland) 

(Received for publication, December 29, 1945) 

A method suitable for determining the degree of purity of insulin, which 
avoids the use of animals, would be a great help both for research and in the 
large scale production of the hormone. 

Of the many methods proposed not one has been universally recognized 
as equal in value to the biological assay, but the latter is so cumbersome, 
time-consuming, and inaccurate that the advantage of a quicker and still 
reliable method is beyond question. Kunitz and Northrop (1) w-ere the first 
to adopt the extensive use of the solubility cur\’e as a criterion of purity for 
proteins, a method ori^ally used by Sprensen and Hpyrup (2),Landsteiner 
and Heidelberger (3), and Bonot (4). 

The demonstration of the puiitj' of the protein by its solubility cun-e is 
based on Gibbs’ phase rule. With increasing quantities of solid phase 
present a pure protein v.-ili show a constant solubility, while a solubility 
varying with the amount of solid phase present is a clear indication of 
impurity. 

Kunitz and Northrop (1) give a method of calculating the composition of 
the system if the protein is not pure. This method has not yet been applied 
to the determination of the purity of insulin and it appeared valuable to 
us to see whether it might be of any use for this purpose. As is shomi in 
this paper, the method is unreliable and cannot replace the biological assay 
in the case of insulin. 


EXPERIMEJTTAI, 

All insulin used in this investigation was ciy^stalline and prepared from 
beef pancreas in our own laboratories. The biological standardizations 
were carried out on rabbits. 60 to 80 animals were used for the standard- 
ization of each sample. 

The conditions for determining the solubility curve are as follows: The 
solubility of the protein under investigation should not be too high nor too 
low in the given medium, since an undulj' high solubility requires large 
quantities of material and makes the test rather expensive, while, if the 
solubility is too low, the determination of the amount dissolved may be 
difficult. 

Preferably, the medium should be such that it does not interfere uith the 
analysis of the dissolved fraction. The pH of the solution should be easil}' 
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reproducible and quite constant over a range of dilutions, since the solubil- 
ity depends on it. 

A medium should be chosen so that the effect of temperature on the 
solubility is at a minimum. Equilibrium should be reached mthin a 
reasonably short time to minimize appreciable deterioration of the protein 
during the e.\perimont. 

We found all of these conditions fulfilled to a large extent with insulin 
at its isoelectric point in a sodium acetate-acetic acid buffer solution. This 
buffer not only fixes the pH at the desired value but also makes the results 
independent of the small amounts of electrolyte possibly present as im- 
purities in the insulin samples under investigation, which would otherwise 
interfere by increasing the solubilit 3 L The determination of the amount of 
protein in solution can be made by a simple micro-Kjeldahl analysis of the 
filtrate. 

We found the following technique convenient and suitable for routine 
work. 75 mg. of the insulin are dissolved in 10 ml. of 0.1 K acetic acid,' 
and to this solution are added 20 ml. of 0.1 N sodium acetate, giving a buffer 
solution of pH 4.95. Varying amounts of the suspension thus obtained 
are added to a series of 50 ml. Erlenmeyer flasks, each containing 25 ml. 
of a buffer solution of the same composition. The amounts of the suspen- 
sion added were usually 0.5, 1, 2, 4, and 8 ml. 

After an hour to attain equilibrium the suspensions are filtered through 
an ashless filter paper of 6 cm. diameter, the ^trate being filtered through 
the same paper repeatedly until it becomes clear. Micro-Kjeldahl anal- 
yses are then made of the filtrates and of the original suspension. 

At first sight the time to establish equilibrium seems to be surprisingly 
short, but experimental evidence shows that it is sufficient, A run was 
made with five solutions of exactly the same composition, each one con- 
taining 25 ml. of buffer and 4 ml. of the suspension of a crystalline insulin 
powder. They were filtered and analyzed after equilibration times of 1, 3, 
7, 23, and 31 hours; the filtrates contained in all but the last instance 0.019 
mg. of N per ml. After 31 hours we found 0.020 mg. of N per ml., an in- 
significant difference. The temperature has not much influence on the 
solubility, since a clear filtrate does not become cloudy when cooled from 
room temperature to the freezing point. Since it was not our intention to 
measure absolute values, we did not particularly fix the temperature by 
means of a thermostat. As all the solutions of one run were made simulta- 
neously, they always were all at room temperature and a comparison ■ndthin 
one run is justified. 

The choice of the pH is of great importance. Not only the level of the 

^ Crystalline insulin usually does not dissolve quickly in this solution; sometimes 
it takes as much as 2 hours. 
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curve is dependent on the pH but also its slope, the latter being essential 
for the determination of the percentage composition. We chose pH 4.95 
arbitrarily, because the solubilities at this pH have about the desired value 
and because a suspension of insulin crystals in water gives roughly the 
same pH. 

In Fig. 1, a and 6, the curves are given for the solubilities of two samples 
of the same insulin estimated at pH 4.95 and in a phosphate buffer of pH 
6.0. In a phosphate buffer of pH 7.4 the insulin is completely in solution 
at all concentrations investigated. 

The calculation of the percentage composition depends on the type of the 
precipitate. If the components form a solid solution, the calculation of the 
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Fig. 1, a Fig. 1, 6 

Fig. I. Solubility curves of insulin at pH4.95 and pH 6.0: (o) Batch 148, (6) Bate h 
269. 


c 

^omposition becomes impossible, since then the solubility of all of the 
omponents is involved in the formula. Only if the components are a 
mixture is it possible to calculate the purity of the insulin preparations. 

Fig. 2 represents a theoretical solubility curve in the latter case with only 
one impurity present. Assuming insulin to be the less soluble component 
of the two, at B the solution is saturated with insulin. 

A suspension nith the quantify AF per ml. contains accordingly the 
quantity EC impurities and AF — EC of insulin. Assuming that 1 i.tr. 
equals 45 y of pure insulin, the activity of the insulin sample can be ex- 
pressed as 4l5AF/{AF — EC) y per i.tr. if the preparation is completely 
dry (1 y = 0.001 mg.). 

If it contains a per cent moisture, the result becomes 1 i.n. = 4500AF/ 
(100 — a)(AF — EC) y. The value of 45 y for 1 i.u. of pure insulin will 
not be far from the truth and as a first approximation it will be sufficiently 
reliable. We have the impression, however, that the activity of absolutely 
pure insulin might be slightly greater, 1 i.u. in about 40 y. 
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licsvUs 

An absolutely pure sample of insulin should give a completely horizontal 
solubility curve. Of the scores of samples investigated ve found only one, 
that obtained vithout anj’’ special precautions by the method of Roman, 
Scott, and Fisher (5), to be absolutely pure. 

The solubility curve was at a vciy low level, the filtrates containing as 
little as 0.005 mg. of N per ml., and the suspension up to 0.08 rag. of N per 
ml. The biological activity of this particular batch was about 40 y per 
unit. 

Owing to lack of material, wc were able to standardize it on only twenty 
rabbits. IVe went to considerable trouble to reproduce this result but 
without success. We recr 3 ’’stallized some batches of rather well shaped 
crystals seven to ten times but, as judged bj’' the slope of the solubility 
curves, they did not much improve bj-- this treatment. Anyhow this one 



Fig. 2. Theoretical solubility curve for insulin in the presence of a single impurity. 
The abscissa represents the amount of insulin per ml. added; the ordinate, the 
amount per ml. dissolved; solid line, curve for the impure batch; ABE, curve for 
pure insulin; AD, solubility of pure insulin. 

favorable result demonstrates that the possibility of obtaining a horizontal 
solubility curve is not a purely theoretical one. 

With impure samples the question of solid solution or mixture must be 
solved first. If it is a mixture, the concentration of insulin in the filtrate 
should be independent of the total quantity present; if it is a solid solution, 
the concentration varies according to Raoult’s law. In two instances we 
found by standardization of the filtrates on rabbits that the concentration 
of insulin dissolved in the filtrates is roughly proportional to their nitrogen 
content. The ratio of the N content of the filtrates of two different sus- 
pensions of the same insulin was 1 : 1.67; the ratio of their biological activ- 
ities was 1 : 1.7. In another instance we found for the N content a ratio of 
1:2.0 and for the activities 1:2.5. The standardizations were performed 
on twenty rabbits each. These results therefore prove that insulin and the 
impurities form a solid solution. 

It is thus impossible to determine the percentage composition by means of 
the solubility curve without knowledge of the solubilities of each of the 
components. 
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However, we obseiwed the remarkable fact that in some instances, par- 
ticularly for insulin prepared b 3 ' the method of Gerlough and Bates (6) 
and crj^stallized from a phosphate buffer according to Scott (7), the sj'stem 


Tabue I 


Activity of Insulin Preparations 


KesuUs obtained by biological assay and by calculation from the solubility curve. 
Insulin obtained by the method of Gerlough and Bates and crystallized from phos- 
phate-buffer solution, or b}’ the method of Roman, Scott, and Fisher. 


Batdilvo. 

j Bio^o^cal t«l j 

j Cbemial test ^ 

Eztki of chetaical to 
biological value 

Gerlough and Bates 


7 per unit 

7 Per unit 


139 

52 

60 

1.15 

140 

63 

63 

1.00 

142 

64 

68 

1.06 

146 

64 

63 

1.06 

147 

60 

53 

0.97 

148 

60 

60 

1.00 

150 

84 

78 

0.93 

154 

82 

73 

0.S9 

155 1 

75 

74 

0.99 

157 ! 

75 

66 

O.SS 

158 1 

69 

73 

‘ 1.06 

241 

58 

55 

0.95 

329 ! 

59 

52 

O.SS 

4B 1 

45 

1 

SO 

1.11 


0.99 







0.09 


Roman, Scott, and Fisher 

235 

40 

45 1 

l.ix 

240 

60 

70 

1.16 

244 

43 

60 

1.40 

251 

65 

70 

1.03 

256 

61 

70 

1.15 

266 

50 

73 

1.46 


Average 

Standard error. 


1.23 

0.16 


can be treated as if the solid phase was a mixture and not a solid solution. 
The solubility curve is practically straight in the investigated range; t.e., 
up to 0.09 mg, of N per ml. The activity was calculated bj* the above 
formula with the quantity EC (Fig, 2) obtained by graphical means. The 
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calculation has, of course, no theoretical foundation whatsoever but in 
practice it gives a good approximation of the activity. The results, pre- 
sented in Tabic I, are almost convincing of the value of the methods as a 
first approach for estimating the activity. However, for insulin prepared 
by another method this rule of thumb failed completely and accordingly 
the usefulness becomes very doubtful for samples of unknown origin. 
In Table I are also summarized the results of our experiments with samples 
obtained by the method of preparation of Roman, Scott, and Fisher. 
Apparently the nature of the impurities is somewhat different from that of 
Gerlough and Bates’ preparations and this has a profound influence on the 
slope of the solubility curve which, by the way, again approaches a straight 
jine. 



50 

mkrogroms r^ml. SUSPENSION 


Fiq. 3. Solubility curves of Batches 142 and 154 of insulin before (solid line) and 
after -(broken line) alkali inactivation. 

We can add another example of the limited value of the method even 
with crystalline insulin by the process of Gerlough and Bates. According 
to Freudenberg ct al. (8) insulin can be completely inactivated by keeping 
it for 5 hours at 37° in 1/30 n NaOH. Considerable quantities of hydrogen 
sulfide and ammonia are liberated during this treatment, but the slope of 
the solubility curve of the inactivated product is not appreciably changed. 
This is demonstrated in Fig. 3 for two diflferent insulin samples. 

It is very unlikely that by treatment Avith alkali a single chemical entity 
results; it is much more probable that there will be more than one decom- 
position product. Still, so long as this has not been proved, there is a 
valid objection to any conclusion drawn from these experiments. If we 
suppose that all of the insulin has been decomposed to one and only one 
other substance, the percentage purity of the decomposition product nill 
be equal to the percentage purity of the insulin in the original sample. 
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Therefore samples which are only partly decomposed are of particular 
interest. We obtained the-'e samples by mi.xing, in different proportions, 
an original sample with a fully decomposed one. The suspension of the 
decomposed insulin contained 0.047 mg. of N per ml., of the original 0.077 
mg. of N per ml. With the acetate buffer of pH 4.95, mixtures of these 
two suspensions were made and the filtrates analyzed for N content. The 
data obtained show that substitution of insulin by its alkali decomposition 
product does not alter the total solubility appreciably. This (see Table 
II) is another indication that we are dealing with a solid solution. Thus 


Table II 

Solubility of Mixtures of Crystalline Insulin and Allcali-Inaciiratcd Insulin 

at pH 4.95 


Insulin | 

j Decoaip«ition 

product ' 


Filtrate 

Found 

Calculated 

fer tenl \ 


[ rij. »Y per mt. 

CTf. y per nl. 

rrf . y per n!. 

0 


0.047 



35 


i O.OoO 


^.OIS 

62 


0.060 1 


0.020 

82 



0.021 

0.022 

too 



0.024 



admixture of alkali-inactivated insulin with an active insulin sample is 
accordingly not demonstrable in this way. 

Denatured insulin is much less soluble than native insulin and, since it is 
insoluble in 0.1 n acetic acid, its presence is readily detected. The solubil- 
ity in the buffer of pH 4.95 is very low indeed. We foimd values between 
0.002 and 0.004 mg. of N per nal. in the filtrate. This is not due to slow 
equilibration, since the values after 1 and 24 hours, 0.003 and 0.002 mg. 
per ml. respectively, were identical within experimental error. The sta- 
bility of the denatured insulin under these circumstances is remarkable. 
We expected to see an increase of the solubility after 24 hours, ouing to a 
shift in the equilibrium to the native product. 

DISCUSSION 

Proidded a specimen of insulin is pure, the solubility cuiwe is a valuable 
criterion for demonstrating its absolute purity and in fact the onlj' proof 
at present available. It is apparently veiy sensitive. For an impure 
batch the solubility curve gives only a clear proof that it is not absolutely 
pure, but the amount of impurity cannot be derived from the solubility 
curve ivith a sufficient degree of certainty. This is due to the formation 
of solid solutions of the insulin and the impurities, which is more or less 
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to be expected liere, since the main impurities of insulin ciystals will con- 
sist of closely related proteins with properties so similar to insulin that re- 
moval during the purification process has not been effected, while other im- 
purities may also consist of decomposition products of insulin. 

There is still a remote possibility of obtaining a solubility curve of the 
mixed component type by altering the conditions for precipitation. Salt- 
ing-out or precipitation witli alcohol seemed a likely method, but experi- 
ments carried out with sodium sulfate or ethyl alcohol gave unsatisfactory 
results. 

As a routine test, instead of the ordinary biological assay for estimating 
the aotixdty of insulin, the solubility' curve seems unsuitable, but it remains 
of great value as a criterion for absolutely' pure material. 

It might be desirable to have an absolutely' pure international standard, 
though possibly' the difficulty' of obtaining sufficiently' large quantities out- 
AA'eighs the advantage of reproducibility. The solubility curve would be 
a useful guide in the selection of batches suitable for this purpose. 

0 SUMMARY 

The solubility curve of insulin samples in a sodium acetate-acetic acid 
buffer of pH 4.95 has been determined. This curve is of the solid solution 
type and it is impossible to calculate exactly the purity of the samples 
from the results, since the solubility' of the impurities is unknown. We 
succeeded once in obtaining an absolutely pure sample of cry'stalline insulin 
with a solubility independent of the amount undissolved. 

Occasionally the treatment of the system as being of the mixed crystal 
type gives a fair approximation to the percentage insulin of the sample but 
the method is unreliable and cannot be generally recommended. 

The solubility curve is not appreciably altered by' alkali inactivation of 
the insulin. 

Thanks are due to Dr. C. L. Hewett for revision of the manuscript and 
to the Board of Directors of the N. V. Organon, Oss, for permission to pub- 
lish these data. 
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(Received for publication, March G, 194G) 

During an investigation (1) of the nature of the or- and j3-phospholipide 
fractions reported by Suzuki, Yokoj’ama, and Nishimoto (3-6), it became 
desirable to analyze the a- and /S-glycerophosphates formed by the hy- 
drolj'sis of these fractions. Micromethods were developed in wliich the 
combinations of the reactions described by Floury and Paris (7), Bailly 
(8), and Fleury and Courtois (9) were used. a-Glycerophosphate was 
converted to glycolic aldehj'dc phosphate by reaction with periodate at 
room temperature, the excess of periodate and the iodatc formed were 

• The data in this paper are taken from o thesis which is being subiniltcd to the 
Graduate School of The University of Rochester in partial fulfilment of the require- 
ments for the degree of Doctor of Philosophy. A preliminary report of I heso data is 
given in (1). Before the final preparation of this paper for publication, a report 
appeared by Leva and Rapoport (2) which described methods for the determination 
of a- and d-glycerophosphates in trichloroacetic acid extracts of liver tissue based 
upon the same reactions as those used in this paper for the determination of a- and 
^-glycerophosphates in hydrolyzed phospholipidcs. In calculating their results, it 
was necessary for Leva and Rapoport to use correction factors, whereas the rc.sults 
obtained in this paper arc theoretical. In the case of their a-glycerophosphatc P, 
they claimed that on pure barium a-phosphoglyccrol solutions their recovery was 
only 96.5 per cent. According to the literature and according to our work, the recov- 
ery is 100 per cent, and we can offer no explanation for this discrepancy. In the ca.se 
of the sum of the a- and /3-glyccrophosphatc P, the difference in results can be c.x- 
plained by a difference in method. Leva and Rapoport determined this value by 
first heating the sample with acid for 1 hour, then oxidizing at room temperature with 
periodic acid for 1 hour, followed by a hydrolysis of the phosphoglycoiic aldehyde for 
I hour after destruction of the periodate with bisulfite. Using this procedure, they 
reported an average recovery of only 86.5 per cent. In our work, we carried out the 
three steps simultaneously and obtained JOO per cent recovery in 1 hour’s time. 
This is reasonable because, when the three steps are combined, the a-glyccrophos- 
phate which is formed from the p-glycerophosphnte immediately reacts with the 
periodic acid present and is removed from the field of action, thus shifting the equilib- 
rium to the right and inducing a 100 per cent conversion of ^-glyceropliosphate to 
a-glyccrophosphatc. IVhen the conversion of ^-glycerophosphate to o-glycerophoa- 
phate is carried out as a separate step by heating with acid, an equilibrium roi.xture 
containing about 93 per cent a-glyccrophosphate is obtained. This fact plus the low 
recovery they obtained on a-glyccrophosphatc would probably explain the correction 
factor of SG.S per cent used by Leva and Rapoport. Thus the method as used by us 
for the sum of the a- and g-gij'cerophosphntc P is both simpler and more accurate. 
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destroyed with sodium sulfite, and the glycolic aldehyde phosphate was 
hydrolyzed with hot aeid. The resulting orthophosphate was measured by 
a modification of a standard colorimetric procedure (10). When corrected 
for the inorganic phosphate produced by hydrolysis of phospholipide, the 
orthophosphate measured the a-glymerophosphate or a-phosphorus. Total 
glycerophosphate (a + /3) was measured on another portion of the sample 
by converting all of the glycerophosphate to the a form and then to ortho- 
phosphate by treating it with periodate in hot acid solution. The /3-glycero- 
phosphate was found by subtracting the a-phosphorus value from the a- -f 
/3-phosphorus. Total phosphorus was determined by a modification of a 
procedure described by Gortner (11) and served as a check on the other 
determinations. 


Procedure 

Inorganic P — 5 cc. sample containing 0.01 to 0.05 mg. of phosphorus 
was pipetted into a 10 cc. glass-stoppered graduated cylinder, and 1 cc. of 
4 per cent sodium sulfite, 1 cc. of 10 N sulfuric acid, and 1 cc. of 7 per cent 
sodium molybdate solution were added in succession from burettes. The 
contents of the cylinder were mixed by inverting, and 1 cc. of a dilute 
solution of stannous chloride' was added from a burette. The cylinder 
was filled to the 10 cc. mark with distilled water, stoppered, and inverted 
six times. After 20 minutes the intensity of the blue color was read on a 
Iflett-Summerson photoelectric colorimeter with a No. 640 filter. A 
blank on the reagents was used to set the zero point of the instrument. 
Phosphorus standards for comparison were prepared by adding a solution 
of potassium dilaydrogen phosphate containing 0.01 mg. of phosphorus 
per cc. to the reagents, 

a-GIycerophospJiaic P — A 5 cc. sample containing 0.01 to 0.05 mg. of 
phosphorus was pipetted into a 1 X 8 inch test-tube and allow'ed tc react for 
10 minutes at room temperature with 1 cc. of 0.05 M periodic acid in the 
presence of 1 cc. of 0.1 N sulfuric acid. 1 cc. of 4 per cent sodium sulfite 
solution and 1 cc. of 10 N sulfuric acid were then added and the test-tube 
immersed halfway in boiling water for 1 hour. The contents of the tube 
■were cooled under tap water, poured into a 10 cc. graduated cylinder, 
and made up to the mark with the washings. After a half dozen inversions 
of the stoppered cylinder, a 5 cc. sample was pipetted out for the colon- 
metric measurement of orthophosphate, as described under the procedure 
for inorganic P, with the exception that only 0.5 cc. of additional 10 N 
sulfuric acid was needed. This procedure gives the a-P -f inorganic P. 

^ 40 gm. of c.P. stannous chloride were dissolved in 100 cc. of concentrated hydro- 
chloric acid. • 1 cc. of this solution was diluted to 200 cc. ■with distilled water just 
before use. 



C. r. BCRMASTER 


235 


The inorganic P vrhich has been determined on another portion of the 
sample is subtracted from this value to g^ve the a-P. 

Total (a + p) Glycerophosphate P — A 5 cc. sample containing 0.01 to 
0.05 mg. of phosphorus was pipetted into a 1 X 8 inch test-tube containing 
1 cc. of 10 N sulfuric acid and 1 cc. of 0.05 m periodic acid. The test-tube 
was half immersed m boiling water for 1 hour, during which time the 
volume was maintained between 5 and 7 cc. by addition of distilled water. 
The test-tube was cooled, 1 cc. of 4 per cent sodium suliite solution was 
added, and the solution was transferred to a 10 cc. graduated cylinder and 
made up to the mark with the washings. As in the a-P procedure, a 5 cc. 
aliquot was taken for colorimetric measurement of the orthophosphate 
produced and only 0.5 cc. of 10 n sulfuric acid was added, a- 4- |3- -p in- 
organic P are measured bj' this procedure. The values for inorganic P and 
ot-P are subtracted to give the value of /5-P. 

Total P — A sample containing 0.01 to 0.05 mg. of phosphorus was 
pipetted into a 1 X 8 inch Pyrex test-tube containing 1 cc. of 10 x sulfuric 
acid and a few glass beads. The solution was gently heated over a micro 
burner until it turned dark. It then was allowed to cool for a minute and 
1 drop of superoxol was added. Gentle heating was resumed until the 
solution cleared and then the flame was increased until fumes of sulfuric 
anhydride appeared.^ Tire digested solution was cooled, transferred to a 
10 cc. graduated cj'linder, and made up to volume. 5 cc. aliquots were 
taken for colorimetric phosphate determination with the addition of only 
0.5 cc. of 10 N sulfuric acid instead of the 1 cc. used in the inorganic P 
procedure. It usually is not necessary to nm this determination, since the 
total P has been found equal to the sum of the inorganic P -p total glycero- 
phosphate P. However, it serves as a check and might reveal the presence 
of an unknown phosphorus compound. 

EXPEROJENTAI, 

Comparison of a-P Procedure with Standard Tiirimctric Method — A. 
solution of a-glycerophosphate was prepared by heating sodium jS-glycero- 
phosphate with strong acid, and the a-phosphorus was determined by both 
the microcolorimetric method described in this paper and the titrimetiic 
periodate procedure described by Fleury and Paris (7). 

Sodium ^-glycerophosphate (Eastman Kodak, No. 3532) was heated for 
1 hour with 10 per cent sulfuric acid at the boiling point. The acid was 
neutralized and precipitated by stirring the solution for 12 hours uith 
fineh' ground barium carbonate, and the barium sulfate and e.xccs3 barium 

’ Gortner (11) eliminated the last traces of peroxide by dilution with water and 
bringing to fumes again. This step was found to be unnecessary when sodium sulfite 
was used in the subsequent colorimetric measurement of phosphate. 
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carbonate "were removed by filtration. The filtrate and washings were 
combined in a volumetric fiask, were made up to volume, and aliquots were 
taken for analysis. The titration of the periodate reduced by samples 
containing more than 1 mg. of a-pliosphonis was carried out with the 0.1 N 
solutions employed by Flcury and Paris (7). For samples containing 0.01 
to 1 mg. of a-phospliorus, 0.005 N periodic acid, 0.01 N sodium arsenite, and 
0.003 N ic dine solutions were used. Total phosphonis of the solution from 
which aliquots were taken for a-phosphonis anah’-sis was determined by 


Table I 


Comparalirc Aiiahjsis of a-Phosphorus in Sodium a-Glijccrophosphale Solution hj 
Microcolorimctric and Tilrimclric Mrlhods 


Total 

phosphorus in 
sample 

Method for o-phosphorus 

rcrjodalc 

reduced 

a-Phosphorus | 
found 1 

by analysis 

Phosphorus 
converted to 
a-phosphorus 

mj. 

1 

witromoUs 

ms. 

per cent 

19.70 

Al.'icrotitriinelric 

11G2 

1.S.02 

91.6 

7.8S 

1 it 

473 

7.35 

93.3 

3.94 

( ( 

235 

3.65 

92.6 

3.94 

(( 

236 

3.67 

93.2 

3.94 

(< 

236 

3.67 

93.2 

0.878 

MicrolitrinAotric 

52.8 

0.S20 

93.3 

0.87S 

<( 

53.5 

0.830 

94.5 

0.439 


26.1 

0.404 

92.0 

0.0878 

<< 

5.26 

0.0819 

93.2 

0.0439 

“ 

2.58 

0.0398 , 

90.7 

0.0439 


2.61 

0.0401 

91.3 

0.0410 

Microcolorimctric 


0.0386 

94.1 

0.0410 

< 1 


0.0385 

94.0 

0.0410 

ti 

I 

0.0383 

93.4 

0.0410 

“ 


0.0379 

92.5 

0.0410 

tt 1 


0.0386 

94.2 

0.0410 

1 

(t 1 

1 

1 

0.0383 

93.4 


the micrccclorimetric procedure. The analytical results for a-phosphorus 
and the per cent of phosphorus present as a'-phosphorus are shonm in 
Table I. The values obtained by the microcolorimetric procedure agreed 
Avith these obtained by titration of both micro and macro samples. The 
per cent conversion was in agreement Avith the 93 per cent reported by 
Bailly (8). 

Analysis of Sodium Glycerophosphate by Microcolorimetric Procedure — ^To 
test the procedures described in this paper, sodium glycerophosphate 
(Eastman Kodak, No. 644) Avas analyzed for inorganic P, a-P, (a + 
and total P. The results are shoAA-n in Table II. The sum of the aA'erage 
values for inorganic P, (?-P, and /S-P equaled the aA'erage A'alue for total P, 
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yolk by the procedure of Yokoyama (6). The mixture was refluxed oa the 
steam bath for 1 hour with 10 cc. of 0.1 N alcoholic sodium hydro.xide. It 
then was cooled to room temperature, acidified with 0.1 n acid, and 20 cc. of 
additional water were added. The alcohol-water solution was extracted 
three times in a separatory funnel with 20 cc. portions of petroleum ether 
containing 5 per cent of chloroform. The water-soluble residue was made 
up to 100 cc. volume and 10 cc. aliquots were taken for inorganic P, a-P, 
/3-P, and total P. Another 35.88 mg. sample of egg lecithin without added 
sodium glycerophosphate was hydrolyzed, acidified, and extracted in the 
same manner, and then analyzed for the types of phosphorus mentioned. 
A comparison of the values obtained by addition of the individual analyses 
of the sodium glycerophosphate and of the hydrolyzed lecithin with those 
obtained after hydrolysis of the mixture is shown in Table III. The sum 
of the values determined by analyses of the separate samples did not differ 
significantly from the values found for the combination. 

DISCUSSION 

The titrimetric periodate procedure for a-glycerophosphate described by 
Fleury and Paris (7) for use of 0.1 n solutions on macro samples was found 
to serve equally well with 0.005 or 0.01 N solutions on samples of sodium 
glycerophosphate containing 0.01 to 1 mg. of a-phosphorus. However, 
ethanolamine, serine, and inositol are known to be present in the hydroly- 
sate of phospholipids (13-15) and have been sho^vn to react wth periodate 
(16-18). For this reason, the titrimetric periodate methods cannot be used 
directly to measure a-glycerophosphates in phospholipids. 

An experimental study of the rate of reaction of periodate with a-glycero- 
phosphate showed that it must be carried out at a pH of 3 or less in order 
to secure quantitative results in 10 minutes at room temperature. In the 
procedure as given here, 0.1 n sulfuric acid was used to give a pH less than 
3.0. 

In analyzing for a-glycerophosphate, the glycolic aldehyde phosphate 
produced by the action of periodate with a-glycerophosphate is hydrolyzed 
by heating with 1 n sulfuric acid for 1 hour. It has been found that the 
aldehyde phosphate is completely hydrolyzed by this treatment and that 
any /3-glycerophosphate present is not affected if the excess of periodate is 
first destroyed by use of sodium sulfite. 

When the three reactions involved in the conversion of all of the glycero- 
phosphate to orthophosphate, namely (a) conversion of the /3 isomer to the 
a isomer, (b) reaction of the a isomer with acid periodate, and (c) hydrolysis 
of the aldehyde phosphates, are carried out at the same time, not only is 
time saved but the conversion of /3 to a is 100 per cent complete instead of 
the 93 per cent obtained when carried out as a separate step. The e-xcess 
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of periodate and the icdate formed by its reduction caused fading of the blue 
color of the molybdenum-phosphate complex, and therefore had to be 
removed frow the solution or destroyed. Treadwell and Hail (19) state 
that sulfite converts both periodate and iodate to iodide. Sodium sulfite 
was used therefore to destroy these oxidizing agents in the total gly'cero- 
phosphate procedure after the hydrolysis of the aldehyde phosphate was 
completed. 

A study of the effect of iodide and sulfite added to standard solutions of 
potassium dihydrogen phosphate showed tliat they' did not interfere 
with the colorimetric measurement of orthophosphate when stannous 
chloride was used as the reducing agent. In fact, the sulfite stabilized the 
blue color so that the straight line relationship reached in 20 minutes 
between color intensity and phosphorus present stUl existed 24 hours later. 
Sodium sulfite was found also to destroy any traces of hy-drogen peroxide 
left after digestion of the total phosphorus samples. For these reasons, 
the addition of 1 cc. of 4 per cent sodium sulfite solution was made an 
integral part of the colorimetric determination of orthophosphate in the 
inorganic P, a-P, (a + ^)-P, and total P procedures. The amount of 
sulfite added had no effect on the color intensity; so that the sulfite left in 
the orthophosphate by the conversion of glycerophosphate did not cause 
error. 

The amounts of sulfuric acid added to the samples for color measurement 
Avere varied in order to secure the same final concentration of acid in all 
procedures. 

When these methods are applied to the bydroly'sate from phospholipide, 
any phosphorus present as uosaponified pbospboUpide must be removed 
from the water solution because it was found to be almost quantitatively' 
converted to orthophosphate by the a~ and /?-phosphorus procedure. It 
was extracted more readily by petroleum ether containing 5 per cent of 
chloroform than by petroleum ether alone. 

SUUiLVRy 

The colorimetric measurement of the orthophosphate produced Jay the 
reaction of periodate on o'-glyeerophosphate followed by' acid hydroly'sis 
has been shorvn to agree rvith the results obtained by’ titration of the 
periodate reduced. 

Microcolorimetric methods for inorganic P, a-P, (a -f- fi)-P, and total P 
have been described and shoAr n to be suitable for the analysis of solutions 
of sodium glycerophosphate and of the phosphorus compounds found in 
the hydrolysate of a phospholipide. 

The author AAishes to acknowledge his great indebtedness to Dr. W. R. 
Bloor for making this Avork possible. 
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THE ACTION OF RIBONUCLEASE ON THE SUCCINOXIDASE 

SYSTEM 
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In a previous paper from this laboratory, a crystalline preparation of 
ribonuclease was shown to inhibit succinic dehydrogenase in tissue homo- 
genates (10), and it was suggested that ribonucleic acid might be in some 
way associated with the protein of succinic dehydrogenase. Such a pos- 
sibihty was also indicated by the work of Claude (5, 6) who found that the 
mitochondria of tissues showed high succino-vidase activity and contained 
ribonucleic acid. 

Subsequent work by Cohen (7) showed that proteolytic activity was 
associated with crj’stalline ribonuclease either as an impurity or as an 
intrinsic property,' and this at once raised the question of whether the 
results of Potter and AJbaum (10) maj- have been due to proteolytic de- 
struction of succinic dehydrogenase rather than to any reaction invoh-ing 
the ribonucleic acid in the mitochondria. It was thus desirable to deter- 
mine whether inhibition of succinic dehydrogenase was correlated with 
ribonuclease activity or with proteolytic activity, and by applying the 
author’s methods (12) for the quantitative determination of nucleic acids, 
such a study has been made. 

Materials and Methods 

Measurements — Succinic deh 3 'drogenase was measured as described 
previous^ (13). Nucleic acids were extracted and determined by the 
method of Schneider (12). 

Tissue Preparations — Homogenates of mouse and rat liver in ice-cold 
0.0002 X NaOH (pH 9.5, the “neutral” water of Claude (4)) were made 
nith the apparatus of Potter and Elvehjem (11). Mitochondria (large 
granules) were prepared from these homogenates by the method of Claude 
(4, 5) with the following modification. The sediment obtained by cen- 
trifuging the homogenate at 1500 X g w'as washed three times by resus- 

* Fellow of the Jane Cofiln Ciiilds Memorial Fund for Medical Research. This 
investigation has been aided bj- a grant from the Jane Coffin Childs Memorial Fund 
for Medical Research. 

‘ A personal communication from Dr. Kunitz calls attention to the possibility of 
traces of trypsin and of chymotrj'psin as contaminants in crystalline rilHmudcasc. 
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pension in a volume of neutral water equivalent to one-fourth of the volume 
of the original homogenate, followed by centrifugation at the same speed. 
The washings were found necessary to minimize the loss of mitociiondria 
in this sediment. The mitochondria were then sedimented from the com- 
bined supernatant and washings and after washing were suspended in 
enough water to bring the total volume to that of the original homogenate. 
Such a mitochondria suspension is called a 10 per cent suspension because 
the original homogenate from which the mitochondria were sedimented 
had a concentration of 10 per cent. As Claude has pointed out, a mito- 
chondrium suspension prepared from liver probably contains secretory 
granules in addition to mitochondria (5). 

Enzyme Preparations — Three crystalline preparations of ribonuclease 
were used in the present study. One of these was employed in the previous 
work (10) (Sample A). A second sample (B), also supplied by Dr. !M. 
Kunitz, was obtained more recently. The third sample (C) was prepared 
in this laboratory by Mr. G. C. Mueller and was not entirely free of am- 
monium sulfate. The crystalline chymotrypsin used was the same sample 
as that employed previously (1). 

Results 

Effect of Ribonuclease on Isolated Mitochondria — In this e.xperiment the 
effect of ribonuclease on the succinoxidase activity and the pentose nucleic 
acid (PNA) content of rat liver mitochondria was determined. The re- 
sults are reported in Fig. 1. It is apparent that the ribonuclease has a 
more striking and earlier effect on the PNA than on the succino.xidase 
activity. At the end of 100 minutes of incubation, the succinoxidase activ- 
ity had been decreased only 35 per cent, w'hile 85 per cent of the PNA had 
disappeared by the end of 20 minutes. Subsequent e.xperiments with in- 
cubation periods shorter than 20 minutes showed that the PNA had dis- 
appeared to the maximum extent by the end of 2.5 minutes of incubation. 
It was never possible to remove the PNA completely from mitochondria 
with ribonuclease, and 10 or 15 per cent of the PNA always remained 
after the action of the crystalline enzyme. The slow loss of PNA observed 
in the control samples incubated in the absence of added ribonuclease may 
be due to tissue ribonuclease, since the enzyme has been shown to be asso- 
ciated Avith mitochondria (6). It would thus appear that the major por- 
tion of the PNA of mitochondria is not necessary for the oxidation of 
succinate and that the inhibition of succinoxidase by ribonuclease involves 
some mechanism other than removal of PNA. 

Effect of Ribonuclease on Mitochondria and Homogenate — ^The inhibition 
of succinoxidase obtained in the first e.\periment (35 per cent) was con- 
siderably less than had been obtained previously (10). This was found 
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to be due to the fact that the incubation had been made with mitochondria 
rather than uith the whole homogenate. The effect of nbonuclease on the 
succinoxidase activity of a mouse liver homogenate and of the mitochon- 
dria isolated from the homogenate was determined and the results are 
presented in Table I. The data clearb" show that the homogenate is 
more strongly inhibited than are the mitochondria. The succino.xidase 
Qo^ of isolated liver mitochondria is about 4 times as great as that of a 



Fig. 1. The effect of the time of incubation with nbonuclease on the succino^adaae 
activity' (c mm of O 2 per 10 minutes per 0 2 ml of 10 per cent mitochondna) and 
the pentose nucleic acid (PX \) content (micrograina per 0 2 ml of 10 per cent mito- 
chondria) of isolated rat liver mitochondria The incubations were made as folJo;vs; 
15 ml of 10 per cent mitochondna were mixed with 0.2 ml of 0 5 at sodium succinate 
(pH 7 4) and 1 5 ml of 0 2 per cent ribonucleoie (Sample A.) or 1 5 ml. of water At 
the end of the incubation times samples were withdrawn for PXA and succinoxidase 
measurements Open circles, imtocbondna incubated with water; cloaed circles, 
mitochondna incubated with added nbonuclease 

liver homogenate (unpublished experiments), so that a 4-foId purification 
of the succinoxidase system has been accomplished by isolation of the 
mitochondria. One might predict that the purified system w ould be more 
sensitive to ribonuclease than the homogenate but actually the reverse 
was the case (Table I). 

Effect oj Different Ribonuclease Samples — Three different cr 3 'stalline 
samples of ribonuclease w ere compared in their effect on the succinoxidase 
activity of mouse liver homogenates (Table II). Only Sample A showed 
sigmficant inhibition of the succinoxidase sv'stem. This was the sample 
used in the previous study (10). It would thus seem that this sample 
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Table I 

Effect of Ribonuclcase on Succinoxidase Activities of Isolated Mouse Liver Mitochondria 

and of Mouse Liver Homogenate 

The incubations were made in the side arms of Warburg flasks. The total volume 
of fluid in the side arm was 0.4 ml. and contained 0.1 ml. of 10 per cent mouse liver 
homogenate or 20 per cent mouse liver mitochondria, 0.05 ml. of 0.5 m sodium suc- 
cinate (pH 7.4), and ribonuclcase or water. The ribonuclcase used was Sample A. 
At the end of 120 minutes incubation at 37°, the contents of the side arms were 
dumped into the main compartment of the flask containing the components of the 
succino.xidase system in a volume of 2.6 ml. (c/. (6)). 


Tissue preparation* 

Ribonuclcase 

added 

Oxygen 

uptake 

Inhibition 


r 

c.fftm. par 

10 min. 1 

per cent 

Homogenate 

0 

47.6 


(( 

150 

27.8 

43 

1 1 

225 

0 

100 

Mitochondria 

0 

64.7 


1 ( 

150 

60.0 

7 

(( 

225 

49.1 

24 


* The oxygen uptakes for samples of homogenate and mitochondria which had 
been kept at 0° during the incubation period were 50.1 and 66.8 c.mm. per 10 minutes, 
respectively. 


Table II 

Effect of Different Ribonuclcase Samples and of Chymotrypsin on Succinoxidase Activity 

of Mortse Liver Homogenates 

The incubations were made in the side arms of Warburg flasks. The side arms 
contained 0.05 ml. of 0.5 m sodium succinate (pH 7.4), 0.1 ml. of 10 per cent mouse 
liver homogenate, and water or enzyme solutions to make the total volume 0.4ml. 
At the end of 120 minutes incubation at 37°, the contents of the flasks were dumped 
into the main compartment of the flask containing the components of the succinoxi- 
dase system in a volume of 2.6 ml. (c/. (6)). 


Crystalline enzyme added 

Amount 
per flask 

Oxygen 

uptake 

Inhibition 

None 

y 

c.mm. per 

10 min. 

44.3 

per cent 

Ribonuclease, Sample A 


12.3 

72.2 

“ ” B 

300 

300 

40.0 

37.5 

9.7 

“ “ c 

15.3 

Chymotrypsin. - 

3 

19.4 

56.2 

None 


40.2 

Ribonuclease, Sample A 

400 

9.9 

75.4 

“ “ B 

400 

38.0 

5.5 

Chymotrypsin. 

4 

12.1 

69.9 
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contained an impurity not present in the others. In regard to the ability 
to remove PNA from liver mitochondria all three samples behaved alike. 
Thus the purity of ciystalline ribonuclease preparations could not be 
judged on the basis of their ribonuclease activity. 

Effect of Chymolrypsin — Cohen (7) reported that crystalline ribonuclease 
possessed proteolytic actmty but was unable to decide whether the activ- 
ity was due to an impurity or to an integral property of the en 2 yme. If 
the mechanism of the inhibition of the succinoxidase system involves 
proteolysis, it would seem that the proteolytic activity of ribonuclease 
preparations could be caused by impurities, since the three ribonuclease 
samples gave markedly different inhibitions of succinoxidase activity. 
Evidence that the mechanism of inhibition may be proteolytic and could 
be due to impurities is provided by experiments with chymotrypsin. 
This enzyme was found to inhibit the succinoxidase system and in much 
lower concentrations than were required in the case of ribonuclease (Table 
II). Trypsin was also found to inhibit succinoxidase activity but the con- 
centrations required for inhibition were intermediate between the amounts 
of chymotrypsin and of ribonuclease needed for comparable inhibitions. 

DISCCSSIOX 

Zittle found that the inhibition of succinic dehydrogenase by ribonuclease 
could not be explained by the liberation of mononucleotides from tissue 
nucleoprotems, since the amounts of nucleotides released were insufficient 
to account for the inhibition (15). Furthermore, nucleotides were found 
to inhibit succinic dehydrogenase but not cytochrome oxidase (14, 15), 
whereas ribonuclease inhibited both enzymes (10). Our own results on the 
amounts of nucleic acid liberated by ribonuclease (presumably in the form 
of mononucleotides) support the conclusion of Zittle (15). In addition, 
our results indicate tliat the inhibition of succinic dehydrogenase by ribo- 
nuclease is apparently due to an impurity in the latter,* since different 
preparations of ribonuclease showed markedly different inhibitions although 
all samples had the same ribonuclease activity. It would appear that the 
ability to inlubit the succino.xidase activity may provide a sensitive tool 
for testing the purity of ribonuclease samples after they have been purified 
to the point of maximum ribonuclease activity. 

The liberation of PNA from mitochondria by ribonuclease suggests that 
the position of the nucleic acid in the nucleoprotein structure may be 
terminal. Loring observed that ribonuclease did not attack the nucleic 
acid of tobacco mosaic virus and concluded that “nucleic acid would 
appear to occupy an integral rather than a terminal position in the virus 
particle, for in the latter case hydrolysis by ribonuclease might be expected” 
(9). 
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RIBONUCLBASE AND SUCCINOXIDASE SYSTE.M 


Cytologists have observed that ribonuclease destroys, the basophilic 
properties of the cytoplasm (2, 3) and have considered this as evidence 
of the presence of PNA. The latter would not necessarily be the case, 
as Cohen has emphasized (7), if the result observed were due to the pro- 
teolytic properties of ribonuclease. On the other hand, it is not clear 
whether ribonuclease was acting on nucleic acid or nucleoprotein in the 
cytological work. It would seem possible that the fixation process might 
lead to destruction of the bond between nucleic acid and protein. The 
results of Zittle (15) and our own e.xperiments on the liberation of PhfA 
from mitochondria would appear to support the cytological observations. 
Extension of our experiments has shown that the action of ribonuclease 
is not confined to the PNA of liver mitochondria but that it will remove the 
major portion of the PNA from a variety of tissues. 

The incomplete liberation of PNA observed in the present study may be 
analogous to the observation of Kunitz on the incomplete hydrolysis of 
yeast nucleic acid by ribonuclease (8). The results are probably not com- 
parable, however, because in the former case the substrate was a nucleo- 
protein, while in the latter the substrate was a nucleic acid. Experiments 
are in progress to determine whether the PNA is released in the form of a 
polynucleotide or as mononucleotides. If the latter were the case, our 
results would appear to be comparable with those of Kunitz. 

The question of whether the ribonucleoproteins of the cytoplasm possess 
any catalytic activity other than their assumed powers of protein syn- 
thesis must remain open for the present, and the significance of the asso- 
ciation of succinoxidase activity with particles which include ribonucleo- 
proteins must also remain undetermined. 

SUMMARY 

1. Crystalline ribonuclease was found to liberate 85 to 90 per cent of the 
pentose nucleic acid from the nucleoprotein of isolated rat liver mitochon- 
dria, without causing appreciable loss in succinoxidase activity. Prolong- 
ing the incubation time did not cause further amounts of nucleic acid to 
split off, but did cause decreases in succino.xidase activity to varying de- 
grees, depending on the sample of ribonuclease. Thus, the presence of 
pentose nucleic acid was apparently unrelated to the activity of the succin- 
oxidase system. 

2. The inhibition of succinoxidase by crystalline ribonuclease previously 
observed was confu'med, but seemed to be due to an impurity, since other 
crystalline preparations of ribonuclease gave only slight inhibition. 

3. The impurity may have been proteolytic in nature, since the succin- 
o.xidase system was inhibited by crystalline chymotrypsin present in a 
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concentration 0.01 as great as was required for comparable inhibition by 
ribonuclease. 

4. The experiments remove some of the basis for any hypothesis that the 
succinoxidase system is a ribonucleoprotein or requires pentose nucleic 
acid for its activity. 
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THE EFFECTS OF THE VOLATILE ALDEHYDES FORiMED ON 
THE ACCURACY OF THE ilANO-METRIC NINHTORIN- 
CARBON DIOXIDE METHOD IN ANALYSIS 
OF CERTAIN a-AMINO ACIDS 
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With the Assistance of Julia E, Dechant 
(From the Hospital of The Rockefeller Institute for Medical Research, Xew York) 

(Received for publication, April 16, 1!)16) 

In the reaction of primary o-amino acids with ninhydrin, Ruhemann 
(1) showed that aldehydes, COj, and ammonia are formed: RCHCNHj)-- 
COOH RCHO + COj + NHa. Van Slyke, Dillon, MacFadyen, and 
Hamilton (2) developed manometric and titrimetric determinations of the 
CO 2 as specific methods for free amino acids, and showed that only free 
amino acids, but not peptides, evolve CO- from their carboxyl groups. 

In analyses of valine and the leucine isomers by the manometric proce- 
dure, Schott, Rockland, and Dunn (3) have found it advantageous to add 
hydrazine to the alkali used for absorbing the COj in the Van Slyke-Neill 
gas chamber, in order to bind the aldehydes formed from these amino 
acids; otherwise they found that these aldehydes were sufficiently volatile 
to accompany the CO 2 into the final gas phase and cause plus errors of 
several per cent in the COj estimation. The NaOH-N-Hi reagent used 
was that employed by Van Slyke and Folch (4) to prevent error from 
halogens in manometric carbon combustions. 

The technique used by Schott, Rockland, and Dunn differed from that 
used for the ninhydrin-COj method in this laboratory by min or variations 
which it appeared might magnify the effect of the aldehydes. It appeared 
desirable therefore to check the results with valine and the leucines, and 
also to ascertain whether the aldehydes cause measurable errors in de- 
terminations of the free amino acids in biological mixtures, such asprotein 
hydrolysates and blood plasma, when reagents without hydrazine are 
employed. 


EXPEBllIENT.U. 

Apparaltis — ^The Van Slyke-Neill manometric apparatus (5), water bath, 
calibrated glass spoons, and alkali storage vessels were those previously 
described (2). All-glass reaction vessels with high temperature stop-cock 
grease described by Hamilton and Van Slyke (6) were employed throu^- 
out.' 

* Schott, Rockland, and Dunn (3) apparently used the all-glasa reaction vessel 
only for methionine, the analysis of which they found exact. 
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NINHYDniN-COj METHOD FOR AMINO ACIDS 


Reagents — Ninhydrin, solid citrate buffers, 2.0 n lactic acid, 5 n sodium 
hydroxide, and nearly carbon dioxide-free 0.5 N sodium hydro.xide were 
prepared according to Van Slyke, Dillon, MacFadyen, and Hamilton (2), 
and approximately carbon dioxidc-frce 0.5 n sodium hydroxide and 2.0 
N lactic acid in 25 per cent sodium chloride solution as described by Mac- 
Fadyen (7).- The “0.5 n sodium hydroxide and 0.15 m hydrazine” in 25 
per cent sodium chloride solution was prepared as by Schott, Rockland, 
and Dunn (3) ; enough 18 n COi-free NaOH was added to 25 per cent NaCl 
to make the alkali 0.5 n, and hydrazine sulfate crystals were added to 
make the hydrazine concentration 0.15 m. 

It was found that, for eliminating the aldehyde error, the hydrazine is equally 
elRcient when it is added to the 2 n lactic acid-sodium chloride solution. Over the 
alkaline hydrazine solution the acid solution has the advantage that in the acid the 
hydrazine is stable, whereas it slowly decomposes in alkaline solution (4). 2 gm.of 
hydrazine sulfate are dissolved in 100 cc. of the 2 N lactic acid-NaCl solution (this is 
about all the hydrazine that the solution will dissolve). Though the concentration 
of hydrazine in the chamber lifter neutralization of the alkali is approximately 0.05 u 
(in the technique of Schott ei at. the concentration of hydrazine in the chamber after 
neutralization is approximately 0.10 m) it is apparently sufiScient to combine with all 
the volatile aldehyde in the chamber, for analytical results are identical, whether 
the hydrazine is included in the alkali or in the acid reagents. 

A7ntno Aads ^ — Determinations for carbon, nitrogen (Dumas), hydrogen, 
moisture, ash, and amino nitrogen by the nitrous acid method (9) were 
carried out on all amino acids to assess their purity before analysis by the 
ninhydrin-carbon dioxide metnod. All values reported are corrected for 
moisture and ash content. Results of these analyses are given in Table I. 

Experimental Procednres — For the ninhydrin-COs determinations a 
sample of about 100 mg. of each amino acid was transferred to a 25 cc. 

2 The use of NaCl-saturated reagents in the gas chamber has an advantage in 
providing a final acidified solution in which CO; is but slightly soluble . Such reagents 
are of particular advantage in microanalyses, in which the volume of extracted COj 
gas is reduced to 0.5 cc. before the pressure is measured. When reagents without the 
NaCl are used, an average of 3.7 per cent of the CO; is reabsorbed during the interval 
when the gas volume is being diminished from nearly 50 cc. to the final 0.5 cc. for the 
manometric pressure reading. This reabsorption is corrected for by the i factor of 
1.037 of Van Slyke and Neill (5, S), but variations in technique may cause variations 
of several units in the last figure of the factor. When the salt-saturated reagents are 
used, the i factor is reduced to 1.006, and variations in it to ±0.001. The salt- 
saturated reagents were introduced by MacFadyen (7) for microdeterminations of 
carboxyl nitrogen in plasma, and were adopted by the writers (6) for similar analyses. 
MacFadyen showed that use of the salt-saturated reagents caused no significant 
errors in determinations of carboxyl nitrogen of arginine, aspartic acid, or the mixture 
of amino acids in hydrolyzed gelatin. 

“ The authors are indebted to Dr. A. Elek of The Rockefeller Institute for Medical 
Research for the elementary analyses reported in this paper. 
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volumetric flask, dissolved, and made to volume with distilled water, A 
sample of 1 cc., containing approximately 4 mg. of amino acid, was used 
for each analysis. All solutions were analyzed on the day prepared. 
The reaction of each amino acid solution with ninhydrin was carried out at 
pH 2.5 as described by Van Slyke, Dillon, MacFadyen, and Hamilton (2). 

With each amino acid solution, parallel ninhydrin-COj analyses were 
carried out in which three different types of solutions were used in the 
Van Slyke-Neill chamber: (a) The COj was absorbed, as in the original 
general method (2) by 2 cc. of 0.5 N NaOH solution, and then set free by 

1 cc. of 2 N lactic acid; (5) the same as (a) except that the 0.5 N NaOH and 

2 N lactic acid were prepared in a salt solution made by dissolving 250 gm. 
of NaCl in 750 cc. of water (7) ; (c) the same as (5), e.xcept that the salt- 


Tabix I 

Analytical Data for Amino Adda Inreatigaled 




1 

Mots- 

tore 

1 

Analysis of diy sobsUace [corrected 
^ /or coatent) as per cent 0 / 

calculated theoretical 

Aoino add 

' Source 

i Ash 

i 

Carbon 

gta 

Nltr^ 

gen 

(Duoas) 

Azniao 

nitrogen 

(Van 

Slyke 

(9)3 

di-Alanine 

Elmer and 

per ecTtl 

0.07 

per cent 

0.07 

per cent 

99.6 

per cent 

101.0 

per eerj 

99.8 

per cent 

99.4 

dl-Valine 

Amend 

Merck 

0.47 

0.03 

100.0 

1 

100.5 1 

99.8 

100.0 

l-Leucine 

(( 

0.58 ; 

0.07 

99.8 

99.8 

100.4 

IKiliil 

<S-IsoIeucine 

it 

1 

0.10 ; 

0.23 

99.6 

100.2 

98.8 

99.0 

dt-Norleucine 

** 1 

0.27 

0.10 



99.1 

1 99.5 


saturafted 0.5 n NaOH solution contained hydrazine. COi pressures were 
measured with the gas at 2 cc. volume. 

The previous finding from this laboratory (2) was confirmed, that six 
to-and-fro excursions of the gases between reaction vessel and Van Slyke- 
Neill chamber are sufficient to cause complete transfer of CO- from the 
vessel to the alkali solution in the chamber, when the volume of solution 
in the extraction vessel is 1 cc. and itjs temperature 38° at the beg innin g 
of the excursions. Previous findings also were confirmed that after the 
carbonate solution in the chamber is acidified, 3 minutes shaking in vacuo 
are sufficient to obtain maximal e.xtraction of the CO- when the solutions 
are saturated rvith NaCl, 1.5 minutes when NaCl is not used. The extra 
labor and time entailed by the eleven excursions and 5 minutes shaking 
used by Schott, Rockland, and Dunn (3) are unnecessary. 

The c corrections were established by blank analyses performed with all 
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the reagents, including tlie ninhydrin. As previously pointed out (6) some 
lots of ninhydrin contribute slightly, ijut measurably, to the c correction. 

Calculations — Calculations of the carbo.\yl (or a-amino) nitrogen from 
CO 2 pi-essures were made by tlie factors of Van Slyke ct al. (2) when the 0.5 
X sodium hydro.xide and 2 x lactic acid useil in the Van Slyke-Neill cham- 
ber were simple aqueous solutions. When the solutions of lactic acid and 
XaOH used in the gas chamber, with or without hydrazine, were prepared 

Table II 

Analysis of Amino Acid Solutions 


All analyses were carried out in duplicate or triplicate. Reaction with nia- 
hydrin was at pH 2.5. The tabulated results indicate the percentages of theoretical 
carbo.xyl nitrogen values. 


Ainino acid analy/.cd 

Present results 

Results of Schott, Rockland, and 
Dunn (3)* 

Original | Chamber reagents 
tcclininue of iapproximaicly saturated 
Van Slyke with XaCI (7) 

ft at. <21 ' 

Original 
technique of 
Van Slyke 
et al, (2) 

No NaCJ; no 
hydrazine 
id) 

Chamber reagents 
approximately saturated 
with NaCl (7J 

No NaCi; no 
hydrazine 

•Vo 

liydraziac 

(«-) 

1 Hydrazine 
added 

1 (A 

No 

hydnuioe 

(0 

Hydnuine 

added 

to 

Alanine 


100.2 

1 99.5 

100. -1 


100.2 

Valine 

102.6 

100.5 


101.4 

112.2 

100.1 

Leucine 

102.6 

100.0 

! 99.6 

104.0 

114.5 

100.1 

Isoleucine 

mmM 


1 99.0 

105.4 

113.7 

99.9 

Xorlcucine 


103.2 

i 99.9 

1 

101.2 

104.1 

100.0 


* In Tables I, II, and III of Schott ct at., the column heading “Original technique” 
is not quite exact; the technique used, as indicated elsewhere in the paper (3), was 
not the original leohnique of Van Slyke, Dillon, MacFadyen, and Hamilton (2) but 
was modified by use of salt-saturated reagents. Only in Table IV of Schott et al. 
were the results under the column heading “Original technique” apparently ob- 
tained by that technique. 

in 25 per cent NaCl solution (see Table II) the factors of MacFadyen (7) 
were used. 


Results 

Analyses of Individual Amino Acids — When analyzed by the original 
technique of Van Slyke, Dillon, MacFadyen, and Hamilton (2) (column 
(a). Table II) results higher than theoretical were obtained with valine 
and the leucines as reported by Schott ct al. (colunm (d), Table II), but the 
plus errors were only about one-half those reported by Schott el al. When 
NaCl-saturated solutions were used in the gas chamber, the plus errors Avere 
increased, but again were only about one-half as great as reported by Schott 
cl al. (column (e). Table II). 
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The experiments of Table III were performed in an unsuccessful attempt 
to find the reason for our failure to obtain in the analyses without hydrazine 
plus errors as large as those reported by Schott, Rockland, and Drum. 
From the second column it is apparent that, in transferring the COj from 
the reaction vessel to the alkali in the chamber, increasing the number of 
excursions from six to eleven makes no difference, nor does increasing from 
3 minutes to 5 the interval during which the solution in the gas chamber is 

Table III 

Carboxyl ilrogcn Determinations on Valine 
The results are expressed as percentages of the theoretical earboxyl nitrogen. .All 
analyses were carried out in duplicate or triplicate with reactions at pH 2.5. 


Xtoh^driQ reaction tQ solution Xtnh>dnn reaction in solution 

of 1 cc \oIun:ic ' of 5 cc volume 


Condiuous for transfer of 
COi to ^ chamber and 
forextraetjoQ of CO3 
from acidined solution 
in chamber* 

\ r\ t 1 Chamber reagents > 

Original approiunatclj j 

technique of * saturated with 

1 Onginal 

technique of 
Van Sl>Le 
etc: u) 

Xo N’aCI; no 
h>dnuiiic 

Chamber reagents 

I approximately 
' saturated with 

Xaa (7) 

.>o.>ai.i,no ' 
h>dra 2 ire 1 

1 h>draaine 

[Hydrazine 
! added 

Xo 

h>drazine 

H>drazine 

1 added 

6 excursions, 38°, 3 j 

1 

I 




min. shaking 

101 2 1 106 4 

99 8 

101 7 

106.0 

99.4 

11 e.xcursions, 38°, 5 

1 





min. shaking 

' 106 6 

99 6 


106.6 


6 excursions, 25°, 3 






min. shaking 

( 105 0 





6 excursions, 38°, 3 

1 





min. shaking 

1 106 6 





6 excursions, 45°, 3 

• 





min. shaking 

j lOS 0 1 


1 1 




• “Excursions” were to transfer<CO» from the reaction vessel to the alkali solution 
in the gas chamber. See (2) p 645. The temperature Bgurea indicate the tempera- 
ture of the solution in the reaction vessel when the transfer was started. “Minutes 
shaking” are to extract the CO- from solution after acidification of the latter in the 
chamber. See (4) p. 525. 

shaken after acidification to extract the CO; for measurement. In aU 
of the analyses of Schott ci al. the leaction between amino acid and nin- 
hydrin was carried out in a solution of only 1 cc. volume in the reaction 
chamber, whereas the wTiters usually use 2 cc., and in analyses-of blood 
filtrates 5 cc. It was thought that more aldehyde might escape from the 
smaller volume of solution, during transfer of the CO; gas to the alkali 
in the chamber, and consequently cause greater plus error. However, the 
results in the last three columns of Table III indicate that the error was 
no less when the ninhydrin reaction was carried out in 5 cc. of solution. 
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the reagents, including tiie ninhydi'in. As jn'cviously pointed out (6) some 
lots of ninlij'drin contribute slightly, but measurably, to the c correction. 

Calculations — Calculations of the carboxyl (or a-amino) nitrogen from 
CO 2 pressures' were made by the factors of Van Slyke cl al. (2) when the 0.5 
N sodium hydroxide and 2 x lactic acid used in the Van Slyke-Neill cham- 
ber Avere simple aqueous solutions. When the solutions of lactic acid and 
XaOH used in the gas chamber, with or ivithout hydrazine, ivere prepared 

T.\ble II 

Analtjsis of Amino Acid Solutions 


All analyses were carried out in duplicate or triplicate. Reaction with nin- 
hydrin was at pH 2.5. The tabulated results indicate the percentages of theoretical 
earbo.xyl nitrogen values. 


.-Vmino acid analysed 

Present results 

Results of Schott, Rockland, and 
Dunn (3)* 

Original 
technique of 
Van Slyke 
(t uf. (2) 

Chamber reagents 
approximately saturated 
with NaCl (7) 

Original 
technique of 
Van Slyke 
et cl. (2) 

No NaCl; no 
hydrazine 
id) 

Chamber reagents 
appro.ximately saturated 
with NaCl (7) 

No NaCl; no 
hydra/.inc 

(uj 

No 

hydra/.inc 

m 

Hydrazine 

added 

U) 

No 

hydrazine 

W 

Hydrazine 

added 

U) 

.Alanine 



99.5 

100.4 

102.2 

100.2 

Valine 

102.6 

106.5 

100.1 

104.4 

112.2 

100.1 

Leucine 

102.6 

106. C 

99.6 

104.6 

114.5 

100.1 

Isoleucine 

103.6 


99.6 


113.7 

BSI 

Xorleucine 


103.2 

01).!) 

101.2 

104.1 

HI 


* In Tables I, II, and III of Schut t cl (d., the column heading" Original technique" 
is not quite exact; the technique used, as indicated elsewhere in the paper (3), was 
not the original technique of Van Slyke, Dillon, MacFadycn, and Hamilton (2) but 
was modified by use of salt-saturated reagents. Only in Table IV of Schott et al. 
were the results under the column heading “Original technique” apparently ob- 
tained by that technique. 

in 25 per cent NaCl solution (see Table II) the factors of MacFadyen (7) 
were used. 


Results 

Analyses of Individual Amino Acids — When analyzed by the original 
technique of Van Slyke, Dillon, MacFadyen, and Hamilton (2) (column 
(o). Table If) results higher than theoretical were obtained with valine 
and the leucines as reported by Schott et al. (column (d). Table II), but the 
plus errors were only about one-half those reported by Schott et al. When 
NaCl-saturated solutions were used in the gas chamber, the plus errors were 
increased, but again Avere only about one-half as great as reported by Schott 
el al. (column (c), Table II). 
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The experiments of Table III were performed in an unsuccessful attempt 
to find the reason for our failure to obtain in the analyses without hydrazine 
plus errors as large as those reported by' Schott, Rockland, and Dunn, 
From the second column it is apparent that, in transferring the COj from 
the reaction vessel to the alkali in the chamber, increasing the number of 
excursions from six to eleven makes no difference, nor does increasing from 
3 minutes to 5 the inten’al during which the solution in the gas chamber is 

Table III 

Carboxyl a tlrogcn Determinations on Valine 
The results are expressed as percentages of the theoretical carboxyl nitrogen. All 
analyses were carried out in duplicate or triplicate with reactions at pH 2.5. 



N*irih>drin reaction m solution | 

of 1 cc \oIumc 1 

Xinhydnn reaction m solution 
of 5 cc solumc 

CoadnioDS for traiufer of 
COs to gas chamber and 
for extracUoa of CO 3 
from acidified solution ! 
in chamber* I 

Onginal 
technique of 
Van Sl> kc 
et J U) , 

Chamber reagents 

1 approximately 
' saturated with 

^ NaCI (J) 

; Original 

* technique of 
Van Siyke 
eta (2) 

Xo KaCl; no 
hydrazi&e | 
1 

Chamber reagents 
approximately 
saturated rritii 
XaQ (7) 


XoXaCl.no ! 
hydrazire | 

1 

So 

hydrazine 

Hydraztoe 

added 

So I 
bydrazme , 

Hydrazine 

added 

6 excursions, 38°, 3 I 

j 




1 

1 

min. shaking .1 

II e.xcursions, 38°, 5 

101 2 1 

! 

106 4 

i 

99 8 

101 7 

106.0 

99.4 

1 

min. shaking 

6 excursions, 25°, 3 

1 

' 106 6 

1 

99 6 

1 


106.6 


min. shaking 

6 excursions, 38°, 3 

! 

1 105 0 

[ j 


j 


1 

min. shaking 

6 excursions, 45°, 3 

1 

1 

1 106 6 

i 1 





min. shaking 


j lOS 0 






• “Excursions" were to transferCOi from the reaction vessel to the alkali solution 
in the gas chamber. See (2) p 645. The temperature figures indicate the tempera- 
ture of the solution in the reaction vessel when the transfer was started, “ilinutes 
shaking" are to extract the COj from solution after acidification of the latter in the 
chamber. See (4) p. 525. 

shaken after acidification to extract the CO; for measurement. In all 
of the analyses of Schott ct al. the leaction between amino acid and nin- 
hydrin was carried out in a solution of only 1 cc. volume in the reaction 
chamber, whereas the WTiters usually use 2 cc., and in analyses-of blood 
filtrates 5 cc. It was thought that more aldehyde might escape from the 
smaller volume of solution, during transfer of the CO; gas to the alkali 
in the chamber, and consequently cause greater plus error. However, the 
results in the last three columns of Table III indicate that the error was 
no less when the ninhydrin reaction wns carried out in 5 cc. of solution. 
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We are at a loss to account for the fact that, although our results qualita- 
tively confirm those of Schott ct al., to the effect that the aldehydes gen- 
erated by valine and the leucines cause a plus error unless hydrazine is 
used, the error we find is only half as great as that reported by these authors. 

Analysis of Protein Hydrolysates — Gelatin and edestin were hydrolyzed 
by refluxing with 20 cc. of 6 N hydrochloric acid per gm. of protein for 24 
hours. Edestin was chosen becavrse protein analyses in the literature 


Table IV 

Analysis of Acid Protein Hydrolysates by Ninhydrin-Carbon Dioxide Method 


Protein acid hydrolysate 

Carboxyl nitrogen* in sample analyzed. Reagents in gas 
chamber in 25 per cent NaCl solution 

No hydrazine 

With hydrazine 



mg. 

Gelatin 

0.1551 

0.1557 

Edestin 

0.2S9 

0.286 


* “Carboxyl nitrogen” is used, as in previous papers (2, 6), to indicate nitrogen 
calculated as 1 atom of N per molecule of CO 2 evolved by reaction with ninhydrin. 


Table V 


Analysis of Picric Acid Filtrate of Dog and Human Plasma for Carboxyl Nitrogen by 
Method of Hamilton and Van Slyke (6) 


Plasma 

1 Carboxyl nitrogen content* 

■ Analyses without hydrazine 

Analyses with hydrazine 

• 

Dog 1 

mg. per 200 cc. 

4.39 

4.00 

4.07 

4.09 

4.26 

4.94 

mg. per 100 cc, 

4.44 

4.04 

4.14 

4.00 

4.32 

5.02 

“ 9 

“ 3 

Human 1 

“ 2 

“ 3 



* All analyses reported are the averages of duplicate determinations agreeing to 
within 1 per cent. 


indicate that edestin is especially high in content of the leucine-valine 
group. 3 cc. of gelatin hydrolysate or 5 cc. of edestin hydrolysate were 
placed in a 100 cc. volumetric flask, neutralized with NaOH, and diluted 
to 100 cc. with distilled water. 1 cc. samples were used for the ninhydrin- 
CO 2 determination, the reaction with ninhydrin being at pH 2.5. The 
0.5 N NaOIi and 2.0 n lactic acid used in the gas chamber were prepared 
in 25 per cent NaCl solution, hydrazine being either added or omitted in 
the NaOH solution. 
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The results are ^ven in Table III. Addition of hydrazine to the salt- 
saturated reagents lowered the carboxyl nitrogen yield by 1.0 per cent in 
the case of edestin and by 0.4 per cent in the case of gelatin (Table IV), the 
effect being about what would be estimated from the reported (10) con- 
tent of valine and the leucines in the respective proteins; vis., 7 per cent 
in gelatin and 20 per cent in edestin. 

Analysis of Plasma Fillraies — Analysis of picric acid filtrates of fresh 
dog and human plasma, with the salt-saturated reagents with and without 
added hydrazine, are given in Table V. The plasma c 9 .rboxyl nitrogen 
values were not decreased by adding hydrazine; in fact their average with 
hydrazine was 0.03 mg. per 100 cc. higher than without hydrazine. It 
accordingly appears, even when salt-saturated reagents are employed, 
that the use of hydrazine is unnecessary in order' to avoid plus errors in 
determination of plasma amino acids by the ninhydrin-COj method. 

DISCUSSION 

Eoutine addition of 2 gm. of hydrazine sulfate per 100 cc. to the lactic 
acid used in the manometric method (2) appears to be*desirable to prevent 
small plus errors from the volatile aldehydes yielded by valine and the 
leucines. It is true that, unless this group of amino acids forms 20 per cent 
or more of the total in the mixture analyzed, the effect of the aldehydes is 
neglipble, as in blood filtrates. The addition of the hydrazine, however, 
adds nothing to the manipulations of the analysis, and it increases pre- 
cision when the leucine-valine group forms an important fraction of the 
total amino acids present. 


SUMM.ART 

Schott, Eockland, and Dunn (3) are confirmed, that, in determinations 
of carbo.xyl nitrogen of valine and the leucines by the manometric nin- 
hydrin-COi method of Van Slyke, Dillon, ilacFadyen, and Hamilton (2), 
addition of hydrazine to the reagents in the gas chamber increases the accu- 
racy by abolishing a plus error (of 0.5 to 3.6 per cent according to present 
results) caused by volatile aldehydes formed from these amino acids. 

Analyses of other amino acids are not affected by the aldehydes formed, 
and in determinations of free amino acids in biological mixtures, such as 
protein hydrolysates and blood filtrates, use of hydrazine lowers the results 
by less than 1 per cent. Nevertheless hydrazine adds a factor of safety 
to the method, and the addition of 2 gm. of hydrazine sulfate per 100 cc. 
to the 2 N lactic acid used as reagent in the manometric method is recom- 
mended as a routine procedure. 
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OXYGEN POISONING 


X. THE EFFECT OF OXYGEN AT EIGHT ATMOSPHERES UPON THE 
OXYGEN CONSUMPTION OF THE INTACT MOUSE* 

Br WILLIAM C. STADIE and NIELS HAUGAARD 

(From ihe John Heir Mueser Departmenl of Research Medicine, University of 
Pennsylvania, Philadelphia) 

(Received for publication, March 8, 1946) 

In a series of papers on the subject of oxygen poisoning (1), we have 
reported experiments on the effect of oxygen at 8 atmospheres upon the 
activity of enzymes in the presence of specific substrates and the oxygen 
uptake of surviving tissues of the rat. In this paper we report further 
experiments in which the oxygen uptake of the intact mouse was measurfid 
at 8 atmospheres of oxygen. 

Methods 

Respiromcler — ^This was a glass cylinder 4 cm. in diameter and 15 cm. 
long. One end was contracted into a tube of about 3 mm. in diameter 
fitted with a stop-cock. The other end was closed by a ground glass cover 
(4 cm. diameter) which in turn was also extended into a 3 mm. tube with- 
out a stop-cock. Each end of the cylinder contained a small wire gauze 
canister containing Dioxorb for the absorption of CO 2 . The space be- 
tween the two canisters w'as just about large enough to contain a mouse. 

Following assembly, the respirometer was immersed in a water bath at 
room temperature. The tube at one end was connected with a source of 
100 per cent o.xygen. The other end was connected to a mercury manom- 
eter. The manometer was equipped with a 2-way stop-cock permitting 
the respiratory chamber to be connected at will with either the manometer 
arm or a supply of 100 per cent oxygen. The respirometer could be used 
either at 1 atmosphere or, in a pressure chamber, at 8 atmospheres. 

Operation — The respirometer was first flushed with 100 per cent oxygen 
and then closed e.xcept that by adjustment of the manometer stop-cock 
the respirometer chamber was connected with the manometer arm. The 
change of mercury levels in the manometer was then measured. When the 
capacity of the manometer was reached, the stop-cock was turned to admit 
fresh o.xygen either at 1 or 8 atmospheres and new readings of the manom- 
eter levels were begun immediately. This cycle was repeated during the 

• The work described in this paper was done under a contract, recommended by the 
Committee on. Medical Research, between the Office of Scientific Research and De- 
velopment and the University of Pezmsylvania. 
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course of the observations. E.\cept for the few seconds required to admit 
new oxygen, a continuous record of o.xygen uptake was thus obtained. 

Micromoles of o.xygen uptake were calculated from the manometer 
readings as follows: The volume of the respirometer was measured. The 
weight of the Dio.xorb and mouse was known, and their volume was calcu- 
lated, assuming a density of 1. The difference of these two volumes gave 
the free space in the respirometer. The appropriate factor converting 
changes of mercury level to micromoles of o.xygen consumption could then 
be easily calculated. 

Efficiency of CO 2 Absorption — In any respiring system containing an 
alkali inset to absorb CO 2 , the rate of absorption of CO 2 ^vill be a function 
of its partial pressure. Initially the CO 2 pressure will increase until 
the rate of absorption is equal to the rate of production. Thereafter no 
change of CO 2 occurs and change in the volume of the gas in the respirom- 
eter will be the true oxygen consumption. Careful preliminary control 
experiments showed that the “steady state Pco,” hi our respirometer was 
approximately 40 to 45 mm. of Hg and was reached in 9 to 10 minutes 
from the time of flushing the apparatus with o.xygen. In all of our experi- 
ments, the time of assembly of the apparatus containmg the mouse was 20 
to 45 minutes. Hence the “steady state” was established before any of the 
recorded observations were made. Since our e.xperiments are entirely of a 
comparative nature, we do not believe that the validity of any of our con- 
clusions is impaired by the presence of this relatively high CO 2 during the 
period of determination of o.xygen uptake. 

Residual CO 2 Absorption — ^When oxygen consumption ceased by reason 
of the death of the mouse within the chamber, the manometer level con- 
tinued to fall. This is due to absorption of the “steady state” CO 2 which 
during the period of oxygen consumption is maintained at a constant level 
of appro.ximately 40 mm. of Hg. This explains why the graphs in Fig. 3 
continue to show an apparent oxygen uptake after the animal has died. 
This artifact does not invalidate any of the conclusions made in this paper 
because residual CO 2 absorption is easily detectable ivithin 1 to 2 minutes 
following cessation of oxygen uptake. 

Physical Solution of O 2 — In any system in which gas changes are measured 
immediately after increasing the pressure, misinterpretation due to physical 
solution of the gas in water or other substances must be guarded against. 
Dioxorb absorbs considerable amounts of o.xygen when the pressure is 
elevated. By reducing the amount of Dio.xorb and elevating the pressure 
to 8 atmospheres in two stages, errors from this source were made in- 
significant. 

Further validation of the method used here comes from the fact that 
our measurements of basal oxygen uptake of the mouse are close to stand- 
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ard values quoted in the literature (2 micromoles per gm. of body weight 
per minute). 


EXPERIMESTAL 

Oxygen Uptake of Mouse at 1 Atmosphere of Oxygen and 7 Atmospheres 
of Nitrogen — As an added control of the method and to test the effect 
of excess pressure of an indifferent gas upon the oxygen uptake, an experi- 
ment was done under 1 atmosphere of oxygen and 7 atmospheres of nitro- 
gen. A 24 gm. mouse was anesthetized with an mtraperitoneal injection 



Fig. 1. The oxygen uptake of a mouse under 1 atmosphere of o.xygen and 7 
atmospheres of nitrogen. 

of 1.2 mg. of nembutal. About 26 minutes were required to assemble 
the apparatus and elevate the pressure. Fig. 1 shows the subsequent 
course of the oxygen uptake. For the first 25 minutes, during which the 
animal was quiet, the oxygen uptake was 1.7 micromoles per gm. per min- 
ute, dose to the standard basal value. Thereafter the anesthesia wore off 
and the mouse became active. The oxygen uptake increased and contin- 
ued at a uniform rate of 2.6 micromoles per gm. per minute. The increased 
pressure of nitrogen had no measurable effect upon the oxygen uptake. 

Oxygen Uptake at 8 Atmospheres of Oxygen — Several control experiments 
were done in which the oxygen uptake of mice was measured first at 1 at- 
mosphere and then at 8 atmospheres. In no case was a measurable dif- 
ference observed between the two rates. 
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Complete data of a similar experiment are shown in Fig. 2. In this 
case the animal was unanesthetized. The readings were begun 2 minutes 



Fio. 2. The oxygen uptake of a mouse under 8 atmospheres of o.\ygen 



Fig. 3. The oxygen uptake of an anesthetized mouse under 8 atmospheres of oxy- 
gen. 

after the o.xygen pressure reached 8 atmospheres. The animal was active 
and the initial rate of oxygen uptake was 2.5 micromoles per gm. per min- 
ute. Toxic symptoms developed rapidly. Within 2 minutes, a generalized 
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convulsion occurred. Further convulsions recurred, intermittently. At 10 
minutes the animal was in collapse, with severe 'gasping respirations. 
The exact time of death could not be determined, but occurred 5 to 10 
minutes after the observations on the oxygen uptake were discontinued. 
No significant decrease in the rate of o.xygen uptake was observ'ed during 
the first 10 to 12 minutes of e.xposure when the animal had severe mani- 
festations of o.xygen poisoning. 

A longer period of observation of o.xygen uptake is recorded in Fig. 3. 
In this case the mouse was anesthetized with nembutal. Evidences of 
oxygen toxicity following elevation of the pressure to 8 atmospheres quickly 
developed. At about 8 minutes the characteristic labored breathing devel- 
oped and at about 12 to 13 minutes the animal was in a state of coUapse. 
Respirations ceased at approximately 23 minutes. Owing to the. anes- 
thetic no convulsions occurred at any time. Despite these patent evidences 
of a severe toxic state, there was no measurable change in the oxygen uptake. 
-4.t 15 to 18 minutes the o.xygen uptake began to fall off, and the animal 
died at approximately 22 minutes. 

The residual CO- absorption discussed under “Methods” is observed in 
this e.xpeiiment. 


DiscnssiOK 

Since the time of Bert the train of deleterious symptoms which develops 
with greater or less rapidity in .animals exposed to high pressiu-es of o.xygen 
has been described by the collective term “o.xygen poisoning.” For 
example, when rats (2) are e.xposed to 8 atmospheres of o.xygen, tonic and 
clonic spasms begin in 2 to I minutes, fofiowed by severe generalized con- 
vulsions, labored breathing increasing in severity with time until within 
15 to 20 minutes the animal is in antemortem collapse. Death occurs 
usually within 20 to 30 minutes. In man, facial t\vitching, muscular in- 
coordination, and mental disorientation have been observed within 2 to 3 
minutes at 3 atmospheres of oxj'gen. Analogous symptoms have been 
observed in many species of animals exposed to o.xygen at 1 or more atmos- 
pheres for varying times. Despite a conaderable amount of axperimenta- 
tion, the mechanism by which o.xygen at high pressures causes these changes 
in normal function is imknown. Bert suggested that cellular enzymatic 
systems, particularly those concerned with oxygen utilization, are inac- 
tivated. In effect there would be a tissue anoxemia of sufficient degree to 
cause profound metabolic disturbance responsible for the symptoms. 
The condition has been likened to cyanide poisoning and the responses to 
low oxygen, but of sufficiently unusual character to warrant a special 
appelation, hypcroxic anoxia. This hypothesis has been widely discussed 
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in the literature and some investigators have concluded that hyperoxic 
anoxia is the main, if not the sole, cause of the toxic action of oxygen. 

In a series of studies (2) on the effects of oxygen at high pressure on the 
metabolism of tissue slices or homogenates and enz 3 Tne preparations, 
we have been unable to find any evidence to support this hypothesis. To 
be sure, we have observed that high o.xygen inactivates enzymes as indi- 
cated by either a decrease of their action upon specific substrates or a 
decrease of the total o.xygen uptake of tissue slices. But we have always 
been insistent that in evaluating these results a careful consideration 
must be given to the time factors involved. AVith no exceptions, we have 
found that the consumption of o.xygen and the production of CO 2 in vitro 
at 8 atmospheres of o.xygen by intact tissue slices were not significantly 
different from values observed at 1 atmosphere during the initial period of 
30 to 60 minutes. Thereafter there is a slowly progressing decrease which, 
at the end of 120 minutes, ranges from 60 to 80 per cent. AVe have also 
studied the effect of high oxygen on many enzymes of major metabolic 
importance. Among these may be mentioned succinic, malic, and glutamic 
dehydrogenases, and a-ketoglutarate and pyruvate oxidases. AATth these, 
the situation is quite similar to that found in the intact mouse: there is 
essentially no inactivation for the initial period of 20 to 40 minutes; there- 
after it progresses slowly. In contrast, many enzymes are not affected at 
all by e.xposure to 8 atmospheres of o.xygen for 4 hours; c.g., cytochrome 
o.xidase, lactic dehydrogenase, uricase, catalase, carbonic anhydrase, 
cholinesterase. Xanthine oxidase, choline acetylase, and d-amino acid 
oxidase in homogenized tissues or extracts have been found to be rapidly 
inactivated by high oxygen pressure. However, the two latter are com- 
pletely unaffected when their activity is measured in intact tissue. Fur- 
thermore, various tissues (as well as enzyme preparations) from animals 
which have been killed by exposure to 8 atmospheres of o.xygen have con- 
sistently shown normal metabolic activities as indicated by oxygen uptake. 
In the case of dogs poisoned by prolonged exposure to 1 atmosphere of 
oxygen, we found no significant change in the o.xygen uptake of brain or 
lung slices. 

On the basis of these findings, we have characterized enzymatic inhibi- 
tion by high o.xygen pressure as subacute. That is to say, it requires a 
relatively long time to develop. 

In sharp contrast to the slow onset of the subacute phase is the rapid 
development of symptoms observed in the intact animal under high oxygen 
pressure. The characteristics of this acute phase have already been de- 
scribed. From our experiments already reported it was difficult to see 
how the^acute phase could be attributed to a rapid inactivation of enzymes 
with resulting significant decrease of o.xygen uptake by the tissues. The 
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XI. THE RELATION BETWEEN IN.\CTIVATION OF ENZYMES BY OXYGEN 
AND ESSENTLAL SULFHYDRYL GROUPS* 

By NIELS HA0GAARD 

(From the John Herr Muaeer Departmeni of Research Medicine, Vnicersily of 
Pennsylvania, Philadelphia) 

(Received for publication, ilarch 8, 1946) 

The effect of oxygen at high pressure on a number of enrymatic reac- 
tions has been reported in previous papers of this series. The enzymes 
studied so far can be divided into two groups: (a) those more or less rapidly 
inactivated by oxygen and (b) those resistant to oxygen, 

Stadie, Riggs, and Haugaard (1) reviewed the literature and discussed 
possible chemical mechanisms involved in the inactivation of enzymes 
by oxygen. 

One of these mechanisms is of particular interest; namely, inactivation 
of the so called sulfhydryl enzymes by oxidation of essential sulfhydryl 
groups. 

The sulfhydryl enzymes are in general inactivated by oxidizing agents 
such as porphyrindin, iodine, iodosobenzoate, cystine, and oxidized 
glutathione. That atmospheric oxygen alone under certain conditions 
mactivates sulfhydryl enzymes has been found in several cases. Some 
sulfhydryl enzymes, while stable in the presence of air, are inactivated 
by oxygen at higher pressure. As was first shown by Lehman (2), suc- 
cinic dehydrogenase is an example. This enzyme, in tissue homogenates 
and slices, is completely inactivated by 2 to 4 hours e.xpo3Ure to oxygen at 
7 atmospheres (3). 

A problem of obvious interest, therefore, is to determine whether or not 
there is a correlation between inactivation of enzymes by ox>'gen and the 
presence of essential sulfhydryl groups. To study this question, the effect 
of oxygen on a number of enzymes, both with and without essential sulf- 
hydryl groups, has been investigated. 

Experiments on the effect of oxygen at high pressure on phosphorj’lation 
of glucose in kidney extract are also reported. These experiments were 
done in order to determine whether a phosphorylating mechanism in 
tissue is more susceptible to the inactivating action of oxj’gen than oxida- 

• The work described in this paj^r was done under a contract, recommended by the 
Committee on Medical Research, between the Office of Scientific Research and De- 
velopment and the University of Pennsylvania. 
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oxidative reactions to be only 
slowly affected by oxygen at high pressure. ^ 

Methods 

A procedure similar to the one adopted in previous studies has been 
used here. 1 issue slices, homogenates, or extracts were exposed to oxygen 

activftv^nrif^^ preliminary period and subsequently assayed for the 
actu ity of the particular enzyme or enzyme system studied. Part of the 
enzyme preparations were exposed to nitrogen, air, or oxygen as controls. 
The folloixnng were studied: lactic, malic, ■Z(+)-glutamic, and choline 

a-ketoglutaric oxidases, acid phosphatase, 
and the system phosphorylating glucose in Wdney extract. 

Lactic Dehydrogenasc-Thvee, different preparations were used: viz., 
rat liver homogenate, pigeon breast muscle extract, and cells of Escherkm 
cob disintegrated by sonic vibration. In the first two tissues, the activity 
lias determined by the ferricyanide technique originally described by 
Quastel and Wheatley (4). The carbon dioxide output was measured for 
° ^°d the enzj'matic activity calculated after correc- 

Tboliv dioxide evolved in a sample without added substrate, 

miploni-vi °^*^Sena e as active without the addition of diphosphopyridine 

pigeon brcast muscle extract which required the 
for full^activit™” ^ crude diphosphopyridine nucleotide preparation 

inn- dehydrogenase from Escherichia coli was prepared by wash- 

snlino^ n ^ luctate-containing medium, resuspending them in 

tpmnpi-ni^ ism egiating them by sonic vibration for 1 hour at room 
UDtakp i! determined by measuring the oxygen 

nhnqntiii- V. Vessel at 38° in the presence of methylene blue, 

in the abLf of sufstm/f P^'^P^'-^'^tions had no oxygen uptake 

and flip kidney homogenates were used 

sarv to orlfl ^ ^ A by the ferricyanide technique. It was neces- 

thus rpmo ® ^ which reacts with the oxalacetic acid formed, 

ofdinlZbo® • ^bout 1 mg. of a crude preparation 

of d phosphopyridme nucleotide was also added. 

detprminpfT”'^ hdmnfc Dehydrogenases — Activity of these enzymes was 
?he pomn r T by the ferricyanide technique. 

IhvdrnZ ml same as in L case of lactic 

in thp ni-po ,1 o rate of carbon dioxide evolution was determined 

Zr l T""?, ^(+)-gIutamate and the activity 

evolvpfi in Ilf calculated after correction for the carbon dioxide 

evolved in the absence of substrate. 



N. HA0GAAED 


267 


Pyruvic Oxidase — ^Rat brain homogenate was prepared in a phosphate- 
saline mediiim of pH 7.2 containing 0.002 ii jMgCl- and 0.001 MnClj. 
Utilization of pyruvate during 1 hour’s equilibration in air at 38° was 
determined. 

a-Ketoglutaric Oxidase — The o.xidation of a-ketoglutarate by rat kidney 
slices in the presence of malonate was determined as described by Barron 
and Singer (5). 

Acid Phosphatase — ^Acid phosphatase activity of rat kidney homogenate 
was determined as described by Shinowara, Jones, and Reinhart (6). 

Phosphorylation in Kidney Extract — ^Phosphorylation of glucose in the 
presence of fluoride was determined in rabbit kidney extract according to 
the method of Colo wick, Welch, and Cori (7). 

Results 

In the case of lactic dehydrogenase in preparations from rat liver homog- 
enates and pigeon breast muscle extracts, it was impossible to work at 38° 
because the preparations both in air and at 7 atmospheres of oxygen were 
so rapidly (but approximately equally) inactivated that comparisons were 
difflcult. At 26°, however, there was no appreciable inactivation with 
time. Enzyme activity was imaffected by 3 to 4 hours exposure to 7 
atmospheres of oxygen at this temperature. Lactic dehydrogenase of 
Echerichia coli, on the other hand, was stable at 38° and there was no 
decrease in activity by exposure for 3 hours to 7 atmospheres of o.xygen. 

E.xposure to 7 atmospheres of oxygen for 4 hours at 38° did not affect 
the acid phosphatase activity of a rat kidney homogenate. 

Phosphorylation of glucose by rabbit kidney e.xtract was unaffected by 
high pressure of o.xygen. The amount of glucose phosphorylated during 
1 hour of equilibration was determined. No difference was found between 
the activity in air and under 7 atmospheres of oxygen. 

Table I lists the enzyme systems found to be inactivated by exposure to 
oxygen at high pressure, the enzyme preparations in which they were 
studied, and the conditions of the preliminary exposure to o.xygen. In 
each e.\periment, the activity of the ori^nal enzyme preparation was deter- 
mined. No decrease in activity, or only a small one, was foimd in the 
controls. The activities of the preparations e.xposed to o.xygen at high 
pressure are, therefore, expressed as per cent of the acthity of the controls. 
In all cases the rate of inactivation was slow; several hours e.xposure to 7 
atmospheres of oxygen were necessary to obtain a marked decrease in 
activity. 

Table II gives a list of the enzymes studied in this paper and in the 
previous papers of this series (11-13). Inactivation by oxygen is indi- 
cated in the second column. The rate of inactivation by o.xygen has been 



Table I 


Enzymatic Reactions Inhibited by Exposure to 7 Atmospheres of Oxygen ol S8° 


Enjymc 

Eniymc preparatioa 
(rat tis&ue) 

Exposure 

period 

Activily* 



hrs. 

per cent oj 



ionlrcl 

M.alic dehydrogenase 

Liver homogenate 

2 

07(a) 



2 

88 “ 



4 

49 “ 


Kidney 

2 

100 " 



4 

20 “ 

Pyruvic oxidase 

Brain 

2 

39(1.) 

Choline dehydrogenase 

Liver slices 

2 

85(c) 


2 

57(6) 


1 

4 

0(c) 


1 

4 

2(a) 

Glutamic acid dehydrogenase 

It tl 

4 

52 “ 


Kidney “ 

4 

0 “ 

j 


4 

8 “ 

a-Ketoglutaric oxidase 

(i ti 

2 

36(c) 


2 

51 ■■ 


* Controls maintained in («) Nj, (b) air, (c) 1 atmosphere of O*. 


Table II 

Correlation between Susceptibility to Action of Oxygen and Presence of Essentiel 

Sttlfhydryl Groups 


Enxymes 

InactivaiioD by 
oxygen 

Essenlial — SH 
groups 

O.xidative 

d-.^mino acid oxidase 

+ 

+ 


Choline dehydrogenase 


+ 


i(+)-Glutamic dehydrogenase 

+ 

+ 


a-Kctoglutaric oxidase 

+ 



Malic dehydrogenase 

+ 



Pyruvic oxidase 

+ 

+ 


Sucinnic dehydrogenase 


+ 


Xanthine oxidase 

+ 

? 


Cytochrome c 

- 

— 


“ oxidase 

— 



Lactic dehydrogenase 

- 

— 

Non-oxidative 

Choline acetylase 


+ 


Carbonic anhydrase 

- 

— 


Catalase 

— 

— 


Cholinesterase 


+ 


Pepsin 

— 

— 


Acid phosphatase 

— 

~ 


The evidence for the presence or absence of essential — SH groups is from i 6 
papers by Barron and Singer (5, 8, 9), except for choline acetylase which was stuuie 
by Nachmansohn and Machado (10). No information on xanthine oxidase is 
available. 
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found to vary markedly, depending on the particular enzyme studied and 
on the type of enzyme preparation used. In Table II, however, all en- 
zymes which were affected by o.vygen under the circumstances of our 
experiments have been classified as inactivated by oxygen. 

The presence or absence of essential sulfhydryl groups in the enzymes 
is also indicated in Table II. The information regarding the presence of 
essential sulfhydryl groups has been obtained from the literature. In the 
case of xanthine oxidase, the question of the possible presence of essential 
sulfhydryl groups has been left open. Experiments by Dixon and Kehin 
(14), showing that xanthine oxidase of milk is irreversibly inactivated by 
cyanide, suggest that the activity of this enzyme is independent of sulf- 
hydryl groups. However, we have foimd no reference in the literature to a 
study of the effect on xanthine oxidase of agents known to oxidize or com- 
bine with sulfhydryl groups. 


DISCUSSION 

The evidence reported in this paper gives considerable support to the 
view that inactivation by oxygen is a general property of sulfhydryl 
enzymes. Of the enzymes studied, only one stated to contain essential 
— SH groups, viz. cholinesterase, was resistant to the action of oxygen. 
Of the enzymes which are not considered sulfhydryl enzymes none was 
found to be inactivated by oxygen. 

The mechamsm of oxygen inactivation of sulfhydryl enzymes has been 
studied in the case of succinic dehydrogenase (3). It was shown that suc- 
cinic dehydrogenase inactivated by oxygen is reactivated by cysteine or 
reduced glutathione. Furthermore, malonate and, to a lesser degree, 
succinate protect the enzyme from the action of o.xygen, as they do against 
the action of oxidized glutathione (15). It was concluded that oxygen, like 
o.xidized glutathione, oxidizes the essential sulfhydryl groups to the inac- 
tive form. No such study has been made in the case of other sulfhydryl 
enzymes, but it seems reasonable to assume that the inactivating effect 
of oxygen is similar. 

In general, the action of oxygen is slow, at least in intact tissue and in 
the enzymes so far studied. Thus it has not been possible in the study of 
oxygen poisomng presented in this series of papers to correlate enzyme 
mhibition with the rapid onset of symptoms exhibited in the intact rat or 
mouse when exposed to oxygen at high pressure. 

The finding that two enzymes, d-amino acid oxidase and choline acetylase 
(12, 13), are rapidly inactivated by oxygen in homogenates or e.xtracts, 
while they are resistant in intact tissue, is interesting. It illustrates how 
an enzjme, because of its topical situation in the cell or because of the 
milieu interieur, is protected against deleterious agents. The mechanism 
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of such protection remains une.xplained. However, in one enzyme, suc- 
cinic dehydrogenase, a protective action of substrate has been demoa- 
strated (3). 

It was concluded in a previous paper (IG) that the rapid onset of symp- 
toms of o.xygen poisoning in the intact animal e.xposed to 8 atmospheres of 
oxygen could not be explained by' a general inactivation of tissue enzymes 
resulting in a marked decrease in total oxygen uptake. However, the possi- 
bility that enzymatic inhibition plays some part in this acute phase was not 
completely excluded. It is conceivable that some essential enzyme system 
unlike most enzymes is particularly susceptible to the action of oxygen. 
The inactivation of such an enzyme system might explain the symptoms 
of o.xygen poisoning in the intact animal. The experiments reported here 
on phosphorylaticm of glucose in Iddney extract tend to exclude the possi- 
bility that enzymatic phosphorylating mechanisms are peculiarly sus- 
ceptible to oxygen. 

SU.^I.^URY 

1. In a series of enzymes, those containing essential sulfhydryl groups 
(with one exception) were found to be inactivated by o.xygen; those nol 
containing such groups were not inactivated. 

2. This evidence indicates that inactivation by o.xygen is a genera 
property of sulfhydryl enzymes. 

3. The chemical mechanism of this inactivation is presumed to be ai 
o.xidation of the essential sulfhydryl groups to an inactive form. 

4. Phosphorylation of glucose in kidney e.xtract was not rapidly affecte 
by oxygen at high pressure, indicating that phosphorylating enzymes ai 
not peculiarly susceptible to o.xygen. 
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A study of the inhibition of plasma, red blood cell, and brain cholines- 
terase of the rabbit, monkey, and man by diisopropyl fluorophosphate has 
been reported previously (1). This study related the in vitro sensitivities 
of the various cholinesterases to their inhibition in vivo; that is, after in- 
halation of the vapor or intravenous injection of the compound. 

Interest in a possible destruction (detoxification) of diisopropyl fluoro- 
phosphate by the animal organism arose because it had been noted that in 
the presence of serum or plasma and diisopropyl fluorophosphate in a con- 
centration of 10~- mole per liter there occurred a rather large production 
of CO. from the bicarbonate medium. This did not occur at the same con- 
centration of the fluorophosphate in the absence of serum. Thus, acid 
was being released by the action of plasma on diisopropyl fluorophosphate. 
Investigation showed that there was present in the plasma and tissues of 
the rabbit and of man a substance capable of catalyzing the hydrolysis of 
diisopropyl fluorophosphate. This substance was shown to be enzymic 
in nature and at least partially responsible for the in vivo destruction of 
injected diisopropyl fluorophosphate. 

EXPERIIIEXT.VL 

Measurement of Fluorophosphate-Hydrolyzing Activity — ^Blood was treated 
with heparin to prevent clotting. Plasma was used as such or suitably 
diluted with 0.025 u sodium bicarbonate. Red cells were washed twice 
with 5 to 10 voliunes of saline and diluted four times with 0.025 n bicar- 
bonate. Muscle and brain were carefully removed, freed of any coagulated 
blood, homogenized in the Waring blender with 9 times their weight of 
0.025 M bicarbonate, and filtered through coarse filter paper. Heart, lung, 
liver, and kidney were perfused with saline in order to reduce the quantity 
of blood in these tissues, homogenized, and filtered as above. The sub- 
strates in these e.xperiments were the various fluorophosphate esters freshly 
dissolved in 0.025 m bicarbonate. 3 cc. of such a solution containing 

* Captain, Sanitary Corps, .\nny of the United States; present address. Depart- 
ment of Medicine, Cornell University Medical College, Xew York City. 
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0.035 nm of fluorophosphatc were placed in the large well of a Warburg 
flask. 0.5 cc. of the enzyme (plasma or tissue e.xtract, suitably diluted) 
in 0.025 M sodium bicarbonate was placed in one side arm. 0.5 cc. of 0.025 
M bicarbonate was placed in the other side arm. When the action of in- 
hibitors was studied, the 0.5 cc. of bicarbonate was replaced by an equal 
volume of solution of the inhibitor dissolved in' 0.025 m bicarbonate. A 
control vessel contained 0.5 cc. of sodium bicarbonate instead of theenzjine 
solution in order to measure the e.vtent of hydrolysis of thefluorophosphate 
in water. The solutions were equilibrated at 38° with a mi.\ture of 95 
per cent Ns and 5 per cent CO 2 to give a bicarbonate buffer at pH 7.4. The 
reaction was started by tipping the contents of the side arms into the mam 
chamber of the vessel. Liberation of CO: ivas taken as evidence of the 
production of H+. Readings were taken at 10 minute intervals and activ- 
ities calculated from the initial reaction velocity of the straight line portion 
of the reaction curve. 

In some experiments the reaction was followed to completion in order to 
determine the 'degree of liberation of hydrogen, phosphate, and fluoride 
ions. Inorganic phosphate was determined on centrifuged aliquots of the 
trichloroacetic acid-treated mi.\’tures by the method of Fiske and Sub- 
barow (2). Fluoride was determined by the method of Milton et aU 
For the fluoride determination the reaction mixture was treated with excess 
silver nitrate in order to precipitate the protein and any inorganic phos- 
phates. After centrifugation, the excess silver in the filtrate was removed 
by the careful addition of sodium chloride solution, centrifuged, and an 
aliquot of the filtrate used for the fluoride analysis. The method usedwas 
a modification of the thorium nitrate titration with the dye, solochrome 
blue. Fluoride prevents the formation of the blue color produced by the 
interaction of thorium nitrate and the dye. Thus, the quantity of thorium 
nitrate used in the titration is a function of the quantity of fluoride present 
in the solution. The concentration of fluoride was estimated from a 
standard curve constructed from data obtained by titration with thorium 
nitrate in the presence of known quantities of fluoiride. 

Evisceration Procedure — Rabbits were eviscerated under nembutal 
anesthesia^ (50 mg. per kilo of nembutal intraperitoneally). The entire 
gastrointestinal tract and spleen were removed after the portal vein and 
hepatic artery were securely ligated. The hepatic veins were allowed to 
remain patent. It has been satisfactorily demonstrated that preparations 
of this type are similar functionally to hepatectoraized animals (3). The 
abdominal wound was sutured and the animal kept warm by means of the 
heat from an electric bulb. 

‘ Milton, It., Liddell, H. F., and Chivers, J. E. 

- The author is indebted to Captain J. Tepperman, Medical Corps, for his demon- 
stration of the evisceration technique. 
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Measuremc/U of Cholinesterase Aclivity — ^The method used for the estima- 
tion of cholinesterase activities in the plasma and various tissues has been 
described in a previous report (1). Heparin did not affect cholinesterase 
actmties. In the measurement of electric eel’ cholinesterase activity, it 
was noted that the high dilutions of the stock solution necessary to measure 
its activity in the Warburg apparatus caused a rather rapid inactivation 
of the enzyme; the reaction was not of zero order. It was found that 0.1 
per cent gelatin prevented this; Ca++ and Mg++ were without effect (Fig. 1). 



Fio. 1. The effect of gelatin on the spontaneous loss of purified eel cholinesterase 
activity at high dilutions; O = enzyme activity of eel cholinesterase at a dilution of 
1:1600; • = activity of eel cholinesterase at a dilution of 1:1600, in the presence of 
0.1 per cent gelatin. 


Results 

Catalytic Hydrolysis of Diisopropyl Fluorophosphate by Rabbit Plasma and 
Rabbit and Human Tissue Extracts — ^Table I shows the liberation of H' 
and F~ resulting from the action of rabbit plasma on diisopropyl fluoro- 
phosphate. No phosphate ion was produced; this indicated that the 
diisopropyl ester linkages were not split. It may be seen that the pro- 
duction of H+ and F~ in the presence of plasma was much greater than in 
the presence of a control bicarbonate solution, pH 7.4 and 38°. The re- 
sults also show that the liberated F~ accounts quantitatively for a reaction 
in which 1 mole of the fluorophosphate produces 1 mole of F“. The 
production, as measured by COj liberation, was 1.49 moles per mole of the 
fluorophosphate. The total acid liberated may be explained by the forma- 

* The cel cholinesterase was kindly furnished by Dr. D. Xachmansohn, Columbia 
University, and was prepared from the electric organ. 
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tion of hydrogen fluoride and the dissociation of the resultant diisopropyl 
phosphoric acid. A comparison with the theoretical H+ that could be pro- 
duced is difficult to make, due to the inherent errors in the method and the 
presence of plasma protein in relatively high concentration. That there 
was no cleavage at the isopropyl linkages is indicated by the fact that no 
inorganic phosphate was produced. 

In order to determine whether the factor capable of accelerating the 
hydrolysis of diisopropyl fluorophosphate was present elsewhere than in 


Table I 


Effect of Rabbit Plasma on Ilydroli/sis of Diisopropyl Fluorophosphate 
The control vessels contained 0.035 mM of diisopropyl fluorophosphate in bi- 
carbonate buffer, pH 7.4'. Others contained in addition 0.5 cc. of rabbit plasma. 
The data reported for plasma are not corrected for control hydrolysis in water. 
The values are expressed in m.\i produced per nut of diisopropyl fluorophosphate. 


Time 

CO: production in 
presence o{ 

Fluoride production in 
presence of 

pOi® productionin 
presence of 


Water 

Plasma 

Water 

Plasma 

Water 

Plasma 

min. 







20 

0.01 

0.34 





30 

0.02 

0.53 

0.03 

0.36 



40 

0.04 






60 

0.05 

1.01 

0.08 

0.54 



90 

0.08 

1.31 





120 


1.43 

0.07 

0.83 



130 


1.44 





140 


1.46 

0.07 

0.99 



150 

O.Il 

1.48 





160 

0.11 

1.49 

0.08 

1.01 

0.0 

0.001 







- 


plasma, extracts of the tissues from rabbits and of human autopsy^ mate- 
rial were studied. Table II shows the activities of 1:10 extracts of liver, 
kidney, muscle, lung, heart, and brain made with 0.025 m sodium bicar- 
bonate. 

The average activities of six rabbit plasmas and red blood cells and five 
human plasmas and red blood cells are included for comparison. It maybe 
seen that kidney and liver extracts of both the rabbit and the human are 
particularly active. 

Nature of Catalysis of Diisopropyl Fluorophosphate Hydrolysis by Plasma 
and Tissue Exlraets — Table III summarizes the results of experiments 
devised to answer the question of Avhether the observed splitting of diis^ 
propyl fluorophosphate by plasma and A'arious tissue extracts is enzymic 

■* The human tissues were specimens from an autopsy and were kindly furnished 
by Dr. A, Rich, the Johns Hopkins Hospital. 
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in the usually accepted sense, that is, catalytic and protein or protein-Uke 
in behavior, or whether there is present some simple organic or inorganic 

Table II 

Hydrolysis of Diisopropyl Fluorophosphate by Tissue Extracls 
The velocity of hydrolysis of diisopropyl fluorophosphate was determined as 
c.mm. of COi liberated in 30 minutes from a bicarbonate buffer, pH 7.4, by 0.5 cc. 
of a 1:10 tissue extract. The plasma and red blood cell activities nere calculated 
from the activities determined experimentally on more concentrated solutions and 
also expressed as those of a 1 :10 dilution. All data are corrected for the hydrolysis 
of the diisopropyl fluorophosphate in water. 


Tissue 

Velocity of fc 

Ribbit 

i> drolj SIS by 

Humaa 


cjnm COz 

cjnnf. COz 

Liver 

274 

457 

Kidney . 

1S7 

319 

Small intestine. 

129 

i 

Plasma 

127 

i 19 

Lung 

55 

50 

Heart 

30 


Brain . 

20 

29 

Muscle . 

12 

40 

Red cells . 

9 

13 


Table III 

Halurt of Hydrolytic Action of Rabbit Plasma and Liter Extracts on Diisopropyl 

Fluorophosphate 


Enxyme source 

Treatmeot 

Per cent of on^nol 
emyme activity 

Liver 

Incubation, 3S” 

100 

t( 

“ 50“ (5 min.) 

71 

(( 

“ 60° (5 “ ) 

6 

ti 

70° (5 “ ) 

2 

Plasma 

“ S0° (3 •• ) 

0 

“ 

Dialysis, 24 hrs. 

109 


+ NaF (I(r» M) 

ICO 


4" lodoacetate (10“* m) 

92 

it 

+ iodosobenzoate (10"' ii) 

95 

<1 

-f mercuric ion (10~* ii) 

s 

it 

+ “ “ fl0-‘ \i) 

29 


compound tvith which diisopropyl fluorophosphate reacts stoichiometri- 
cally. 

As may be seen, the inactivation of liver extract at moderately high 
temperatures is typical of an enzyme. Thus, incubation for 5 minutes at 
50° resulted in a decrease to 71 per cent of the activity at 38°. 
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Kabbit plasma was dialyzed against 10 times its volume of saline Tfith 
ten changes' of the outer solution during a period of 24 hours. The type of 
cellophane membrane used (Visking) was permeable to inorganic ions aad 
organic compounds of low molecular weight. After dialysis, the solution 
inside the membrane possessed the same activity as before dialysis. This 
indicated that there were no readily dialyzable components acting as en- 
zymes. 

The effect of several typical enzyme inhibitors on the activity of rabbit 
plasma was studied. Thus fluoride, iodoacetate, and iodosobenzoate did 
not greatly affect the activity of the factor which is responsible for diiso- 
propyl fluorophosphate hydrolysis. However, mercuric ion, a general 
enzyme inhibitor, reduced the activity of the diisopropyl fluorophosphate- 
hydrolyzing enzyme in human plasma. 

Since the possibility existed that diisopropyl fluorophosphate reacted 
non-specifically with proteins, crystalline serum albumin® (final concentra- 
tion 0.63 per cent) was mixed with diisopropyl fluorophosphate in the War- 
burg vessel. No carbon dioxide was liberated beyond that found in tbe 
control. At the end of 1 hour, analysis showed no fluoride ion beyond 
that present in the control. Similar experiments were carried out with 
several amino acids; 0.018 mai each of glycine, tyrosine, serine, arginine, 
glutamic acid, and cysteine was mixed with 0.035 mxi of diisopropyl 
fluorophosphate at pH 7.4. Again no indication of a reaction was evident, 
as shown by the absence of CO 2 liberation or fluoride ion production. 
Similar negative results were obtained with several carbohydrates and 
glycQi’ol. 

Further confirmation that the hydrolysis of diisopropyl fluorophosphate 
was not a non-specific protein effect ivas the absence of a constant ratio 
between tissue enzyme activity and protein content. Thus, Table IV 
shows that the enzyme activity per mg. of protein N of the rabbit kidney 
exti-act was 370, that of the liver 294, and that of the muscle 1. 

In order to determine whether the phosphorus-containing moiety of diiso- 
propyl fluorophosphate reacts to form a firmly linked compound with the 
enzyme protein, the following experiment was performed. Serum was 
allowed to react with diisopropyl fluorophosphate to complete hydrolysis 
(160 minutes). Trichloroacetic acid was added in the cold to precipitate 
protein and the filtrate analyzed for organic acid-soluble phosphorus. 
Within experimental error all of the P due to the diisopropyl fluorophos- 
phate was found to be present in the form of organic acid-soluble phos- 
phorus. Again, no production of inorganic phosphate could be observed. 

In order to show a proportional relationship between reaction velocity 

° The crystalline serum albumin was obtained through the courtesy of Dr. B- J- 
Cohn, Harvard University. 
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and enzyme concentration, various dilutions of rabbit plasma were used as 
a source of the fluorophosphate-hydrolyzing enzyme; the concentration 
of the fluorophosphate was held constant (0.035 nni per i-O cc.). Fig. 2 

Table XV 

Relationship between Enzyme Activity and Protein Content of Rabbit Tissues 
Protein N is determined as the difference between total N and non-protein N in 
terms of mg. of N per 0.5 cc. of a 1:10 e.xtract of tissue or dilution of plasma or red 
cells. 


Tissue 

Eiiz>me activity perms. o£ protein N 

Kidney 

370 

Liver 

294 

Plasma 

22 

Lung 

16 

Heart 

12 

Brain 

9 

Red cells 

2 

Muscle 

1 



Fig. 2. Relationship between reaction velocity and the concentration of the 
fluorophosphate-hydrolyzing enzyme in rabbit plasma. 

shows that there is a direct proportionality, within experimental error, 
between reaction velocity and enzyme concentration for almost a 20-fold 
dilution of the enzyme. 

Hydrolysis of Related Fluorophosphalcs — In order to determine whether 
the in vitro mechanism which has been described above holds as well for 
the related alkyl esters of fluorophosphoric acid, the hydrolyses of the 
dimethyl, diethyl, and ethyhnethyl esters by tissue extracts were studied. 
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Table V shows the relative enzymic hydrolysis by rabbit plasma and liver 
extracts of these compounds. In the hydrolyses of these related alkj’l 
esters, fluoride but not phosphate was liberated. This indicated that 
cleavage occurred at the phosphorus-fluorine bond only. 

Loss of Toxicity of M ixlurcs of Diisopropyl Fluorophosphale and Plasms— 
An aqueous solution of diisopropyl fluorophosphate was incubated vvith 
an equal volume of rabbit plasma for 30 minutes at 38° and injected in 
amounts equivalent to a dose of 1.5 mg. per kilo of diisopropyl fluorophos- 
phate. The injection of this mixture led to no deaths or symptoms of any 
kind in six out of six rabbits. Injection of diisopropyl fluorophosphate of 
the same concentration and incubated with phosphate buffer at pH 7.4 

Tabi-e V 

Hydrolysis of Rclaled Fluorophosphaies 
The activities were determined as c.inm. of COj liberated per minute when 0.5 
cc. of 1 : 1 rabbit plasma or 1 : 10 rabbit liver c-xtract was used in the standard hydroly- 
sis mixture containing 0.035 m.M of the dialkyl fluorophosphate in a bicarbonate 
buffer, pH 7.4. The hydrolysis of the fluorophosphate in water was determined 
by substituting bicarbonate solution for the enzyme. 


Fluorophosphate 

Hydrolysis 
in water 

Enzyme activity ol 

Piasma 

Liver extract 

Dimethyl fluorophosphate 

10 

114 

73 

Diethyl “ 

2 

77 

97 

Diisopropyl fluorophosphate 

1 

15 

22 

Ethyhnethyl “ 

2 

14 

51 


for 30 minutes at 38° caused severe symptoms and killed six out of sbe 
rabbits within 10 minutes. 

Relationship between Cholinesterase and Diisopropyl Fluorophosphate 
Hydrolysis — Cattell reported® that a cholinesterase preparation was ca- 
pable of destroying diisopropyl fluorophosphate. In order to demonstrate 
that extracts shotving cholinesterase activity need not necessarily have the 
capacity of hydrolyring diisopropyl fluorophosphate, the action of a puri- 
fied electric eel cholinesterase preparation on the fluorophosphate was 
studied (Table VI). 

Purified cholinesterase, in a dilution of 1 ;400 in the final hydrolysis nu-x- 
ture, liberated 2580 c.mm. of CO 2 in 30 minutes from 0.015 m acetylcholine 
but showed no ability to hydrolyze diisopropyl fluorophosphate. It 
may also be seen that inactivation of rabbit plasma cholinesterase by pre- 
treatment mth a very lo\v concentration of diisopropyl fluorophosphate, 

* Cattell, McK. 
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although it inhibited all of the cholinesterase activity, did not affect the 
abiUty of the plasma to hydrolyze added diisopropyl fluorophosphate. 

In Vivo Demonslralion of R6le of Liver in Detoxification of Diisopropyl 
Fluorophosphate — ^Table II shows that on a unit weight basis the liver has a 
greater enzyme capacity for hydrolyzing diisopropyl fluorophosphate than 
any other tissue tested. In addition, the weight of the liver in the rabbit 
is approximately 45 gm. per kilo of body weight as compared with the 
kidneys, 8 gm. per kilo. This indicates that the liver as an organ may 
play 5 times as great a role in the destruction of the fluorophosphate. 
Rabbits were e\'iscerated and control blood samples withdrawn from the 
femoral artery or by cardiac pimctiue. The animal was injected in- 
travenously (ear vein) with a freshly prepared solution of diisopropyl 

Table VI 

Relationship beliceen Cholinesterase and Diisopropyl Fluorophosphate Hydrolysis 

The cholinesterase acti%'ity was determined as c.inni. of CO: produced in 30 
minutes from a solution of acetyl holine (see (1)). The activity of the diisopropyl 
fluorophosphate-splitting enzyme was determined as c.mm. of CO* produced in 30 
minutes in the standard hydrolysis solution previously described. 


Source of choUaesteru&e 

Cholinfidter3d^ 

activily 

t Bii&cprop>l 

1 230r0pC05^Ut£> 

; h>drolyzi&s 

1 activit> 

Electric cel, O.OI cc. 

1 25S0 

* 0 

Plasma, rabbit, 0.5 cc. .. 

02 

' 521 

“ “ 0.5 “ prelreated with 10"^ ii Ui- 


' 

isopropyl fluorophosphate 

. 0 

520 


fluorophosphate, and after a suitable period of time the animal was sacri- 
ficed by the intravenous injection of air and the brain removed. Control 
rabbits were eviscerated and their brains removed tvithout the injection of 
the fluorophosphate in order to determine whether operation and the 
anesthesia affected the brain cholinesterase acti^dtj’. .V dose of 0.1 mg. 
per kilo of diisopropyl fluorophosphate, equivalent to a dose of 0.13 mg. 
per kilo on the basis of the weiglit of the eviscerated animal, was then 
mjected intravenously. Xon-e viscerated animals were used as controls 
and injected with a dose of 0.13 mg. per kilo of diisopropyl fluorophasphatc 
under the same conditions of anesthesia. 

The results are shown in Table VII. Non-eviscerated rabbits, injected 
uith 0.13 mg. per kilo of diisopropyl fluorophosphate, showed decreases 
in plasma cholines teiase averaging 30 per cent of the preinjection value. 
In the eviscerated animals the plasma cholinesterase activities averaged 
27 per cent of normal. Thus, exclusion of the liver from the circulation 
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did not produce any significant effect on the lowering of the plasma cholines- 
terase activity after intravenous diisopropyl fiuorophosphate. 

The activities of the red blood cell cholinesterase in the non-eviscerated 
animals injected with diisopropyl fiuorophosphate averaged 61 per cent oi 
normal, whereas the red cell cholinesterase activities of the eviscerated 
animals averaged 43 per cent of normal. There appeared to be a sigmfi- 
cantly greater decrease of red cell cholinesterase activity as the result o[ 
the injection of diisopropyl fiuorophosphate in the eviscerated aaimah. 

Table VII 

In Vivo Effect of Diisopropyl Fiuorophosphate on Cholinesterase Activity of Plasms, 
Red Blood Cells, and Brain of Eviscerated Rabbits 
The rabbits were injected with 0.13 mg. per kilo of the fiuorophosphate on the 
basis of the weight of the eviscerated animal. The non-eviscerated animals were 
injected with 0.13 mg. per kilo of the fiuorophosphate. The brain cholinesterase 
activities of rabbits that were eviscerated but not injected yielded values similar 
to those obtained from normal animals. 


Time after 
infection 

Non*cvjscerat«d 

Time after 
infection 

Eviscerated 

Per ceitt o( normal cholinesterase 
activity in 

Per cent of normal cholmeslersse 
activity in 


Plasma 

Red cells 

1 Brain 


Plasma 

Red cells 

Braia 

min. 




min. 




31 

42 

74 

54 

30 

19 

30 

1 14 

30 

30 

54 


24 

32 

48 

i 22 

30 

26 



22 

27 


7 

30 

32 



22 

28 

26 

3 

21 i 

25 

69 

36 

17 

33 

53 

6 

17 

31 

62 

42 1 

14 

25 

38 


17 

23 

61 

21 ! 

8 

26 

30 : 

1 

17 


i 

32 j 





Aver- 
age 

30 

61 

36 


27 i 

43 

8 


The activities of the brain cholinesterase in non-eviscerated animals 
injected with diisopropyl fiuorophosphate averaged 36 per cent of normal. 
In the eviscerated animals injected with an equivalent dose of diisopropyl 
fiuorophosphate, the brain cholinesterase activities averaged 8 per cent of 
normal. Hence the removal of the liver from the circulation caused a 
marked in mo reduction of brain cholinesterase activity. It may be 
noted that the decrease in the brain cholinesterase activity appeared to 
be independent of the duration of the interval between injection of diiso- 
propyl fiuorophosphate and removal of the brain. 
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Purificalion and Properlies of Emymo Responsible for Hydrolysis of 
Diisopropyl Fluorophosphale — Since it would be of general interest to know 
the normal substrate in the body which is acted upon by the enzyme de- 
scribed above, a preliminary attempt was made to purify this enzyme from 
rabbit kidneys which contain the highest concentration of activity per mg. 
of protein N (see Table IV) of all the tissues investigated. Table Till 
describes the various procedures used in the piuification of the enzyme. 

T.VBLE virr 

Purtjicalion of Fluorophosphale-Bydrolysing Enzyme from Rabbit Kidneys 


The activities were measured as c.mm of COj produced in 30 minutes by t cc. of 
enzyme solution from the standard hydrolysis mixture. 


Fraction 

Treatment 

i Activity ^ 
j per cc 1 

Total X 1 
per cc. ] 

Activity 
perm? 
total X 

A 

Crude extract with 0 025 u NaHCOj 

^ cjnm 

74S 

rxi 

2 604 

cjnpj 

2S7 

B 

Adjust A to pH 5 0, discard ppt. 

S56 

1 869 

464 

C 

Filtrate B, pH S 0, alcohol to 52%; dis- 

255 

0 196 

1300 

D 

card filtrate; extract with 0 025 
NaHCO. 

Same as C, but pH 5 4 

481 

0 174 

2760 

E 

« (( << **5 9 

385 

0 196 

1965 

F 

It u n u « 6 3 

146 

0 179 

815 

G 

Filtrate B, pH 5 0, alcohol to 29%; dis- 

384 

0 216 

1780 

H 

card ppt., add alcohol to 52%; dis- 
card filtrate; extract ppt. with 0 025 
SI IfaHCOi 

Same aa G, but pH 5 4 

494 

0 134 

3690 

I 

“ ** “ ‘*5 9 

666 

0 185 

3600 

J 

“ “ “ “ “63 

308 

0 174 

1770 


The highest degree of purification was attained by the following procedure: 
The kidneys were homogenized in the Waring blendor with 5 times their 
weight of 0.025 u sodium bicarbonate for 1 minute. The pH of the sus- 
pension was adjusted to 5.0 and the mixture allowed to stand in the cold 
for 1 hour. The temperature during all manipulations was kept as close 
to 5“ as was feasible. The precipitate was centrifuged and discarded. 
The filtrate was rapidly adjusted with 5 per cent sodium carbonate to 
pH 5.4 and alcohol added in the cold to about 29 per cent. After standing 
m the cold for a half-hour, the precipitate was removed by centrifugation 
and alcohol was added to the filtrate to about 55 per cent. The precipi- 
tate, which was active, was centrifuged and the alcoholic filtrate discarded. 
The precipitate was extracted with 0.025 m sodium bicarbonate (one-half 
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the volume of the original bicarbonate used for the kidneys) and the sin- 
pension centrifuged. The clear, red-colored filtrate was preserved mth 
toluene and stored in the ice box. 

The original filtered bicarbonate kidney e.Ktract had an activity of 287 
(c.mm. of CO 2 liberated in 30 minutes by 1 .0 cc. of the enzyme solution) 
per mg. of total N ; the final extract had an-activity of 3690 and was there- 
fore 13 times as pure as the original extract on the basis of N content. 

Table IX shows the relative sensitivity to pH of the enzyme solution 
purified in the above manner. It may be seen that below a pH of 7.0 the 

Table IX 

Effect of pH on Stahiliiy of Purified Fluorophosphatc-Hydrolyzing Enzyme 

The purified enzyme solution (Fraction H, Table VIII) was adjusted to the 
proper pH with dilute acetic acid or sodium cArbonato and allowed to stand for IS 
hours at ice box temperature. The activities were determined on 0.5 cc. of a 1:5 
dilution of the enzyme, brought to pH 7.4, and expressed as c.mm. of COi liberated 
in 30 minutes. 


pH 

Activity pcf mg. total 


c.mm^ 

4.1 

0 

4.6 

41 

5.0 

320 

5.2 

1025 

5.9 

1890 

6.9 

2420 

7.4 

2080 

8.2 

2060 

9.4 

1980 

9.8 

2090 


activity is destroyed to a great extent on standing. At the more alkaline 
pH’s the activity did not decrease to any great extent. 

Table X shows that dialysis of the purified enzyme solution against 0.025 
M sodium bicarbonate for 7 hours resulted in the loss of 12 per cent of its 
original activity. This loss of activity could be partially restored by the 
addition of some of the dialysate to the dialyzed solution. It may also be 
seen that prolonged dialysis (2 days) of the purified enzyme against many 
changes of 0.01 m phosphate buffer, pH 7.4, containing 0.9 per cent saline 
resulted in a 28 per cent loss of activity. This loss of activity could be 
replaced almost completely by 0.01 m Ca++ or 0.01 m Mg++ (as chlorides). 
These two ions may be considered as activators of the enzyme. These 
results may be compared wdth those reported in a previous section on the 
dialysis of rabbit plasma. It is not surprising that purification of the en- 
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zyme resulted In a greater sensitivity to dialysis or, as will be shown sub- 
sequently, to the action of inhibitors. 

Since it is possible that the kidney enzyme preparations also possessed 
phosphatase activity, the action of the crude (Fraction A, Table ^TII) 
as well as the purified (Fraction H, Table VIII) enzymes was studied at 
optimum conditions of pH (8.7) and substrate, magnesium, and glycine 
concentrations. Inorganic phosphate was determined by the method of 
Fiske and Subbarow (2). Phosphatase activities were compared with the 
activities of the same preparations when diisopropyl fluoropbosphate was 
used as a substrate and CO; production used as an index of enzyme acthity. 


Tible X 

Effect of Dialysis on Purified Fluorophosphate-Hydrolyzing Enzyme 


1 

Treatment j 

Per cent of origin^ 

1 eii 2 >Tne activ ity 

1 

Dialyzed Enzyme I* 

ss 

“ “ “ + dialyaatet I 

94 

“ “ lit 

72 

Enzyme II -f calcium (O.OI \i) 

96 

Dialyzed Enzyme II + calcium (0 01 ii) 

94 

Enzyme II + magnesium (0 01 iO 

107 

Dialyzed Enzyme II -t- magnesium (0 01 it) 

S7 


• Dialyzed 7 hours; 10 cc. of the enzyme solution against 50 cc. of 0 025iiNaHCOj. 
t 0.5 cc. of the dialysate added to 0 5 cc. of the dialyzed enzyme, 
t Dialyzed 48 hours against a total of 2 liters of 0 01 ii phosphate buffer, pH 7.4, 
containing 0 9 per cent saline with twenty changes of the solution. 

Table XI shows that there is little phosphatase actitity in either the crude 
or purified preparations. It also indicates that the purification procedure 
resulted in a loss of phosphatase activity, although the diisopropyl fluoro- 
phosphate-hydrolyzing activity was increased considerably. These find- 
ings, together with the facts previously reported that the action of the 
enzyme which splits diisopropyl fluorophosphate does not produce inor- 
ganic phosphate, indicate that phosphatase acthuty is not related to the 
enzyme activity responsible for the hydrolysis of diisopropyl fluorophos- 
phate. 

Table XI also presents the results of the determination of cholinesterase 
activities with acetylcholine as a substrate, and esterase activities with 
triacetin, tripropionin, and methyl butyrate as substrates, on both the 
crude and purified e.xtracts. It may be seen that neither fraction contained 
any cholinesterase activity. The crude fraction contained esterase activ- 
ity, which was appreciably reduced in the purified fraction. 
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Tadlb XI 

Relationship between Fluorophosphale-Hydrolyzing Enzyme and Phosphatase 
Cholinesterase, and Esterase Activities 

The phosphatase activities arc measured by the production of inorganic phos- 
phate from )3-glycerophosphatc in 1 hour. TJic activities of esterase and cholinester- 
ase are measured by the production of COi by 0.5 cc. of the enzyme solutionfroma 
bicarbonate buffer, pH 7. 4, containing 0.015 mole per liter of acetylcholine, triacetin, 
tripropionin, or methyl butyrate. 


Substrate 

Enzyme activity in 

Fraction A, 
Table VIII 

Fraction H, 
Table Vlli 

Diisopropyl iluorophosphate, c.mm. COi 

3SS 

3640 

Acetylcholine, c.mm. COi 

0 

0 

Glycerophosphate, mg. POt 

0.M4* 

O.OSO 

Triacetin. c.mm. COt 

2SS 

510 

14 

Tripropionin, c.mm. COi 

49 

Methyl butyrate, c.mm. CO- 

227 

7 


1 


* This quantity of inorganic phosphate accounts for but 4.6 per cent of the avail- 
able phosphate from glycerophosphate. In a similar experiment with rat intestinal 
phosphatase, 61 per cent of the available phosphate from glycerophosphate was 
hydrolyzed in 1 hour. 


Table XII 

Effect of Inhibitors on Purified Fluorophosphate-Hydrolyzing Enzyme 
The activities were measured as c.mm. of COi produced in 30 minutes by 0.3 cc. 
of the diluted enzyme. Fraction H, Table VIII. The inhibitor and enzyme were 
added simultaneously to the substrate (diisopropyl iluorophosphate) at the start of 
the experiment. 


Inhibitor 

Concentration of 
inhibitor 

Per cent of ori^al 
enzyme activity 

Hg^ 

mole per I. 

2 X 10-‘ 

0 

Cu++ 

1 X io-‘ 

53 

Fe-*^-^ 

1 X 10-5 

94 

Arseni te 

1 X 10-^ 

93 

lodoacetate 

1 X 10"’ 

89 

lodosobenzoate 

1 X 10"’ 

100 

Iodine 

1 X 10"* 

57 

Fluoride 

1 X 10"’ 

106 

Cysteine 

1 X 10"’ 

93 


The effect of inhibitors on the purified enzyme was studied. The results 
are presented in Table XII. Mercuric and cupric ions inhibited the enzyme 
activity at low concentrations. lodbacetate (recrystallized to remove 
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traces of iodine) caused some iohibition. Iodine nas effective as an in- 
hibitor. Arsenite, ferric ion, iodosobenzoate, and cysteine did not affect 
the enzyme activity in the concentrations employed. 

Table XIII shows the extent of inhibition at various concentrations of 
It may be seen that a curious phenomenon of acceleration of enzyme 
activity exists at low concentrations of Hg++. Thus at 2 X 10'"* ii 
the enzyme activity was zero, at 6 X ii Hg++ it was 240 per cent of the 

Tabm XIII 


Effect of Varying Concentrations of Hg** and Cic^ on Fluorophosphate-Hydrolycing 

Pnzyme 


Inhibitor 

1 Concentration of inhibitor 

1 

Per Cent of original 
' cazjme activity 


mole per 1 

i 

Hg«- 

1 X 10"* 

0 


6 X lO-i^ 

0 


2 X 10-s 

0 


1 X io-‘ 

63 


8 X i(r« 

181 


6 X 10-‘ 

240 


4 X 10"* 

136 


2 X 10-‘ 

112 


1 X 

113 

Cu++ 

1 X 10-‘ 

4 


1 X i(r® 

53 


5 X 10-« 

75 


1 X 10"' 

105 


1 X 10-7 

1 

no 


untreated enzyme, and at 1 X 10"® m the enzyme activity was essen- 
tially the same as that of the untreated enzyme. Cupric ion, although 
an inhibitor, did not show this accelerating effect. 

DISCUSSION 

An examination of the chemical structure of diisopropyl fluorophosphate 
indicates that there are two possible centers of chemical reactivity. The 
first is the alkyl ester linkage and the second is the phosphorus-fluorine 
linkage present in all of the physiologically active members of the alkyl 
fluorophosphates. The stability of the alkyl ester linkage, such as e.xists 
in diisopropyl fluorophosphate, has been demonstrated by the finding^ 
that after refluxing 1 equivalent of the fluorophosphate with 4 equivalents 
of 5 per cent XaOH for 24 hours the distillate from such a mixture failed to 

^ Price, C. C. 
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give a positive iodoform reaction, whicli would have been indicative of 
free isopropyl alcohol. Similar results were reported with 10 per cent al- 
kali for 72 hours. In vitro experiments with various esters of phosphoric 
acid as substrates for phosphatase action (-1) indicated that even at op- 
timum pH (8.8) the rate of splitting of such esters as monopropyl phos- 
phoric acid is extremely low. The second linkage which might be involved 
is the phosphorus-fluorine bond. This is known to be hydrolyzed by water 
in the various fluorophosphate deriv'atives. The extent of hydrolysis 
varies. Thus, the diethyl ester is hydrolyzed to the extent of 24 per cent 
in 1 hour at 25°, whereas diisopropyl fluorophosphate is hydrolyzed 1 
per cent in the same time at the same. temperature.® It was previously 
observed that an aqueous solution of diisopropyl fluorophosphate on stand- 
ing lost some of its capacity to inhibit cholinesterase activity in vitro (1). 

The data presented show that diisopropyl fluorophosphate is hydrolyzed 
by a heat-labile, non-dialyzable substance, present in plasma and various 
tissues of the rabbit and man, to form inorganic fluoride and probably 
diisopropyl phosphoric acid. The fluoride produced accounted quantita- 
tively for all of the diisopropyl fluorophosphate, whereas no inorganic 
phosphate was formed. This same reaction takes place, though much 
more slowly, in aqueous solution at pH 7.4. 

CjHtO 0 C,H,0 0 

P + HjO -♦ P -f HF 

/ \ / \ 

CjHtO F CjHjO oh 

The substance responsible for the accelerated hydrolysis of diisopropyl 
fluorophosphate also splits other dialkyl fluorophosphates at the same 
linkage at varying rates, thus indicating that it is, so far as this group of 
compounds is concerned, specific only for the phosphorus-fluorine linkage. 

The application of various criteria for enzyme activity to both crude 
tissue extracts as well as to partially purified preparations from the rabbit 
kidney has shown that the factor capable of catalyzing the hydrolysis of 
diisopropyl fluorophosphate is enzymic in nature. Thus, it is heat-labile, 
difficult to remove by dialysis, sensitive to low pH, and shows the typical 
behavior of enzymes in the presence of inhibitors. It is not a non-specific 
protein, as was evidenced by a lack of constancy of the ratio of activity to 
protein content of the various tissues. The activity, as present in rabbit 
plasma, is proportional to the enzyme concentration over a wide range of 
dilutions. 

Since it is obvious that this enzyme, normally present in animal tissues. 


® National Defense Research Council Publication. 
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has some other substrate, preli minar y attempts at purification were made 
to define if possible its relationship to some knonm enzjTne already de- 
scribed. It was demonstrated that preparations of this en^nne could be 
concentrated about thirteen times with respect to its ability to hydrolj’ze 
diisopropyl fluorophosphate but that such purification resulted in the loss 
of the phosphatase, esterase, and cholinesterase activities.® 

The behavior of the enzyme in the presence of various inhibitors is of 
interest. Thus, in the crude state (plasma and liver e.'ctracts) there was no 
evidence of inhi bition of activity by 10“® it iodoacetate, whereas in the 
partially purified form from rabbit kidneys the enzyme showed some reduc- 
tion in activity due to 10“’ ii iodoacetate. Inhibition by iodoacetate and the 
inhibition of the enzyme by low concentrations of iodine indicate that the 
sulfhydryl grouping may be associated with the enzyme activity' The 
enzyme is also inhi bited by low concentrations of and Cu"^. 

The acceleration of enzyme activity by certain concentrations of Hg^ 
presents an interesting finding s imil ar in nature to that previously' reported 
by Lipmann (5) for the inhibition of gly’colysis of crude muscle extracts by' 
Cu++. At certain concentrations of metallic ion the enzyme actmty is 
markedly' increased over that of the imtreated enzyme preparation. This 
effect may be e.vplained by assuming the presence of some substance in 
the impure enzyme preparation which acts as an inhibitor of the enzyme 
activity. Thus, at certain concentrations of this naturally' occur- 
ring inhibitor is inactivated by' the Hg++, which, however, is not present 
in high enough concentrations to inhibit the enzyme, thus leading to an 
over-all activation of the enzyme. 

The enzyme present in plasma is capable of destroying the toxic proper- 
ties of diisopropyl fluorophosphate in vilro. It has also been shown that 
the enzyme, present in high concentration in the liver, plays a role in the 
deto.xification of diisopropyl fluorophosphate; that is, in reducing its 
effectiveness as an in vivo inhibitor of red blood cell and brain cholines- 
terases. Thus, the inhibitory’ effect of a given injected dose of the fluoro- 
phosphate was more marked on the red cell and brain cholinesterases of the 
eviscerated rabbit than that obtained with an equivalent dose injected 
into a non-e^-iscerated animal. The inhi bition of plasma cholinesterase 
of the eviscerated arumal was not different than that obtained in the intact 

’ The question arises whether to assign a name to this enzyme on the basis of its 
known activity; that is, its ability to catalyze the hydrolysis of the fluorophosphates 
at the phosphorus-fluorine linkage. Such a name might be “phosphofluorase.” 
The author intentionally has refrained from using any name as he feels that its intro- 
duction into the literature would confuse rather than clarify and should await its 
identification with an cnzjTne known to act on a substrate normally present in ani- 
mal tissues. 
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animal. Certain factors may be concerned in this latter phenomenon: 
the mode of administration of the fluorophosphate so as to bring it into 
immediate contact with the plasma cholinesterase; the differing sensitmties 
of the various cholinesterases to the fluorophosphate; the localization of 
the fluorophosphate in the brain, due to its high lipide solubility. In view 
of the fact that complete data are not available to evaluate these factors, 
no attempt at a rigid e.xplanation can be made. 

The finding that uncombined diisopropyl fluorophosphate is destroyed by 
various tissue e.vtracts emphasizes the conclusions previously reported 
(1) that the effect of diisopropyl fluorophosphate on cholinesterase is irre- 
versible. If the fluorophosphate and cholinesterase were combined to 
form a dissociable or easily dissociable comple.\, then the hydrolysis of any 
free fluorophosphate due to dissociation would shift the equilibrium so as to 
liberate completely the active cholinesterase. However, it was shown that 
rabbits recovering from a sublethal single injection of diisopropyl fluoro- 
phosphate showed a regeneration of brain cholinesterase far too slow to be 
accounted for by the liberation of cholinesterase from a dissociable cholines- 
terase-fluorophosphate comple.x. 

The present results together with those previously reported (1) yield the 
following conception of the fate of diisopropyl fluorophosphate in the 
animal organism: On the one hand, diisopropyl fluorophosphate reacts 
with cholinesterase in the plasma, red blood cells, and various tissues to 
produce an irreversible inactivation of these cholinesterases. Concurrently 
and in competition mth this process, the fluorophosphate is destroyed by 
an enzyme present in various tissues, especially the liver and kidney. It 
may be seen that the degree of physiological symptoms or the death of the 
animal is a resultant of the two processes. The present data do not permit 
a quantitative evaluation of the r61e of each of these processes. 

The author is indebted to Major O. Bodansky, Medical Corps, for his 
advice and helpful criticism during the course of this work, and to Miss 
Shirley Sanders for her valuable technical assistance. 

SUMMARY 

1. Rabbit and human plasma, red blood cells, and tissues contain an 
enzyme which accelerates greatly the hydrolysis of the dialkyl fluoro- 
phosphates to the dialkylphosphoric acid, hydrogen, and - fluoride ions. 

2. The enzyme from rabbit kidneys has been concentrated thirteen 
times, on the basis of total nitrogen content. It is sensitive to heat, acid 
pH, and low concentrations of iodine, Hg++, and Cu++; it shows some in- 
hibition by iodoacetate and is insensitive to fluoride, iodosobenzoate, ar- 
senite, and re++++. Some loss of activity occurs after dialysis but may 
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be restored by the addition of the dialysate, Ca++, or Mg++ to the dialyzed 
solution. The enzyme is not related to phosphatase, cholinesterase, or 
esterase. 

3. The enzyme mechanism is important in the detoxification of diiso- 
propyl fluorophosphate. Liver, which contains relatively high concen- 
trations of the enzyme, plays a significant role in the destruction of diiso- 
propyl fluorophosphate in the intact animal. 

4. The fate of the dialkyl fluorophosphates in the animal organism is a 
resultant of the irreversible inactivation of plasma, red cell, and tissue 
cholinesterases and the deto.xification of the fluorophosphate, especially 
in the liver. 
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A QUANTITATI\^ STUDY OF THE PRODUCTS OF FATTY 
ACID OXIDATION IN LIVER SUSEEXSIOXS* 


By albert L. LEHXIXGERf 

{From the Department of Physiological Chemistry, Medical School, University of 
lEfsconsi’n, Madison, and the Departments of Biochemistry and Surgery, University 
of Chicago, Chicago) 

{Recei\'ed for publication, March 30, 19t6) 

It is notv generaU 3 ’ recognized that the complete oxidation of the bulk 
of the fatty acids in the Tnnmmnlian organism takes place in what may be 
regarded as two phases. In the ‘primary phase the fatty acids are o.xidized 
in the liver to the ketone bodies. Xo other intermediates of fatty acid 
oxidation in the liver have been identified. The liver, however, has only a 
limited ability to oxidize the ketone bodies further and these substances 
therefore diffuse into the blood stream. The extrahepatic tissues, espe- 
cially the kidnej' and muscles, are capable of completing the o.xidation 
of the ketone bodies to CO- and H-O and therefore are the site of the 
secondary phase of fatty acid o.xidation. The possibility that the extra- 
hepatic tissues are also capable of the “direct” oxidation of fatty acids must 
of course be left open. Apart from over-all respiratory quotient data, 
there have been no strikingly decisive experiments reported which prove or 
disprove "direct” oxidation of higher fatty acids in the e.xtrahepatic tissues. 
At any rate it is probably accurate to presume that the “diphasic” oxida- 
tion of fatty acids outlined above is the mechanism of o.xidation of a major 
share of the fatty acids undergoing oxidative degradation in the organism. 

Recently the secondary phase of this diphasic process, the o.xidation of 
acetoacetate in the extrahepatic tissues, has been investigated with con- 
siderable success by Breusch (2), Wieland and Rosenthal (3), Martins (4), 
Hunter and Leloir (5), and Buchanan ct al. (6), who have shown that 
acetoacetate (possibly after cleavage into 2-earbon fragments) is oxidized 
through the events of the Krebs tricarbo.xj'lic acid cj'cle. 

The primary phase of the oxidation occurring in the liver has, however, 
not been quite as amenable to experimentation, and the mechanism is 
known only in the grossest of terms. .4. single fattx' acid molecule on o.xi- 
dation may give rise to more than 1 molecule of ketones (7), and, under 

* This investigation was supported in part by a grant from the Albert and Mary 
Lasker Foundation, Inc., and the Sidney and Frances Brody Foundation. Some of 
the work reported in this paper has already been published in preliminary form (1). 

t Present address. Department of Surgery, University of Chicago, Chicago 37, 
Illinois. 
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conditions of fasting or diabetes mellitus, the yield may approach a quanti- 
tative conversion of the carbon of the fatty acids to ketones (8, 9). It is 
certain, however, that this conversion to ketones is not quantitative under 
aU conditions. The possibility that fatty acids may undergo oxidation 
in the liver by a second pathway not involving the ketone bodies as obliga- 
tory intermediates has often been considered (10). The mechamsm of 
such a pathway and its relationship to ketone body formation are obscure. 

Recently the author described the preparation of a washed rat liver sus- 
pension which is capable of oxidizing the higher fatty acids in the presence 
of adenosine triphosphate (ATP) and magnesium ions, with the production 
of acetoacetate (11). This oxidation is uncomplicated by other metabolic 
activities, since the enzyme suspension has negligible oxygen uptake in the 
absence of substrate. A quantitative study of the products of enzymatic 
fatty acid o.xidation in these rat liver suspensions shows that all of the 
carbon of the oxidized fatty acid is recovered as acetoacetate in the absence 
of oxalacetate or oxalacetate precursors. In the presence of the latter, 
part of the carbon is recovered as citric, a-ketoglutaric, and succinic acids, 
and in such amounts that it may be concluded that the Krebs tricarbo.xylic 
acid cycle accounts for that portion of the o.xidative degradation of fatty 
acids which does not proceed through the formation of acetoacetate. 

EXPERIMENTAL 

Preparative — Adenosine triphosphate (ATP) was prepared as previously 
mentioned (12). Only material approaching analytical purity was used, 
since impure preparations often contained substances which completely 
inhibited fatty acid o.xidation. Sodium pyruvate was prepared as de- 
scribed by Robertson (13), sodium acetoacetate according to Ljimggren 
(14). The enzyme suspensions were prepared exactly as described in a 
previous paper (11) and were used immediately. 

Analytical — Oxygen uptake was measured manometrically in standard 
Warburg flasks with alkali and filter paper in the center well. The con- 
tents of the side arm were tipped into the main compartment (at zero 
time), after a 3 minute equilibration period. In some experiments all 
components were placed in the main compartment and manometric data 
were e.xtrapolated back to the time of addition of the enzyme. The respira- 
tory quotient was determined by Warburg’s dhect method (15). P3TUvate 
was determined according to Friedemann and Haugen (16), after decar- 
bo.xylation of acetoacetate by aniline (to minimize interference by aceto- 
acetate). Acetoacetate was determined manometrically with aniline 
citrate, or colorimetrically as acetone by a modification of the method of 
Greenberg and Lester (17). In media containing oxalacetate this sub- 
stance was first decomposed into pyruvate and COa by incubation wth 5 
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per ceut CuSO^ (18) to eliminate interference in the manometric determina- 
tion of acetoacetate. Several modifications of the colorimetric pentabrom- 
acetone method for citric acid were used; the most useful and reliable 
was found to be that of Speck, Moulder, and Evans (19). The sum of 
a-ketoglutarate plus succinate in the presence of malonate w as determined 
enzymatically, according to the procedures of Krebs and Eggleston (20). 

Formation of Acetoacetate during Oclanoate Oxidation — In experiments 
designed to determine in a quantitative manner the yield of acetoacetate 

Table I 

Respiratory Quotient and Acetoacetate Formation during Octanoate Oxidation 
The mam compartment of the Warburg -vessel contained 0 60 ml. of enzjme, 0.2Q 
ml of phosphate buffer, pH 7 5 (0 OOS u),* 0 20 ml of ^^gS 04 (0 005 si), 0 20 ml of 
sodium malonatef (0 01 m), 0 40 ml of Xa adenosine triphosphate (0 0013 m). The 
side arm contained 0 40 ml of sodium octanoate (0 OOl u) or H.O Time, 27 minutes, 
temperature 31° 


Octanoate 

j 0- uptake 

Acetoacetate 

{onsat*oii 

Acetoacetate 

0, 

a-Q 


1 

1 e mnt 

CJnm 



— 

1 1 

3 



+ 

101 

64 6 

0 62 

0 12 

+ 

103 

69 7 

0 65 

0 OS 


103 

69 1 

0 64 

0 03 

Calculated, equation (1) 



0 67 

0.00 


* The figures in parentheses mdicate the concentration of the component in the 
complete reaction medium This notation is used in Tables I to VII and m Fig. 1. 

t Malonate (0 01 m) was present m the enzyme media m all experiments reported 
in this paper. It served the double purpose of inhibiting the sbght residual respira- 
tion of the liver suspensions and of causing the accumulation of certam intermediates 
of the Krebs cycle in those experiments m which this end was desired 

during the o-xidation of octanoate by the washed rat liver suspension 
described in the precedmg paper (11), the oxygen uptake data and the 
yields of acetoacetate suggested that the oxidation was proceeding in such 
a way that it could be expressed by the equation 

(1) CiHnCOOH -h 30i-i2CH,C0CH..C00H + 2H:0 

It can be seen by inspection of the equation that the r.q. of this reaction 
is zero, and the ratio of acetoacetate formed to oxygen taken up (m terms 
of c mm. of Oi and acetoacetate) is 0.67. In Table I are shown data col- 
lected on typical experiments; the K Q , measured by IVarburg’s direct 
method, approaches the theoretical zero, and the ratio of acetoacetate 
formed to oxygen used approximates 0.67. The formation of 2 molecules 
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of acetoacetate from 1 of octanoate in these washed preparations, which 
are devoid of other metabolic events, represents a quantitative conversion 
of the carbon of the fatty acid into acetoacetate. 

The presence or absence of alkali in the center well had no effect on the 
acetoacetate formation, showing that CO 2 probably had no influence on 
the course of the oxidation and that the use of Warburg’s direct method was 
therefore valid. 

The calculated oxygen uptake for the complete conversion of the octano- 
ate present to acetoacetate, according to equation ( 1 ) in the experiments in 
Table I, is 134.4 c.mm. Values of 127, 128, and 137 were obtained in 
parallel experiments when the oxidation was allowed to go to completion. 
Octanoate determinations were not made routinely, but in a similar, large 
scale experiment the total volatile fatty acids remaining after complete 
oxidation were determined by distillation and titration; the distillate con- 
tained but 3 per cent of the amount present before o.xidation. 

Acetoacetate was the sole keto acid accumulating during octanoate 
oxidation. This was indicated not only by the stoichiometric relationships 
but also by the fact that identical analytical values for acetoacetate w'ere 
obtained (a) by the manometric aniline citrate method (specific for 0-ketQ 
acids) and (b) by the colorimetric determination of acetone formed in the 
catalytic decarboxylation of acetoacetate by aniline by a method (17) 
found by the author to give color only with neutral carbonyl compounds 
under the conditions of these experiments. Only traces cf color were 
given in the Friedemann and Haugen extraction method (16) for keto acids 
when applied to the media following treatment with aniline acetate. 
Therefore no a-keto acids accumulated during the course of octanoate 
oxidation. 

The ratio of acetoacetate formation to oxygen uptake was essentially 
constant throughout the oxidation (Fig. 1 ). 

Acetoacetate was not significantly attacked by the enzyme (see Table 
II), either in the presence or absence of fumarate or oxalacetate and ATP. 

There was no evidence that i3-bydroxybutyrate was formed during the 
oxidation; the compound was readily oxidized by the enzyme preparation, 
but not at a rate consistent with the view that it was an intermediate in 
acetoacetate formation in these experiments. 

The essentially quantitative agreement between O 3 uptake and ketone 
formation in these preparations is in contrast to the data of Leloir and 
Munoz (21), who found an unaccountably large uptake of O 2 and formation 
of CO 2 in their preparations during butyrate oxidation. 

Formation of Acetoacetate during Pyruvate Oxidation — One of the meta- 
bolic reactions of pyruvic acid is the formation of acetoacetate. This 
reaction is demonstrated most readily in the liver, in which the formation 
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Fig. 1. The rate of acetoacetate formation and O'cygen uptake during octanoate 
oxidation. Main compartment, 0 30 ml of enzyme, 0.10 ml. of MgSOi (0.005 it), 
0.10 ml. of cytochrome c (1 X 10^ it), 0.10 ml. of phosphate buffer (0.003 it), 0.10 ml. 
of malonate (0.01 it), 0.10 ml. of adenosine triphosphate (0 0015 it). Side arm, 0J20 
ml. of octanoate (0.001 it) or H.O. Blank values (no substrate) substracted in above 
curves. Eeaotion stopped for acetoacetate analyses at times designated by tipping 
0.20 ml. of 20 per cent trichloroacetic acid into the medium from the second side arm. 
Temperature 31®. 


Table II 

N on-Oxidation of Acetoacetate 

The main compartment contained 0 60 ml. of enzyme, 0.20 ml. of phosphate buffer, 
pH 7.7 (0.008 it), 0.20 ml. of sodium malonate (0.01 it), 0.20 ml. of MgSO, (0.005 it), 
0.20 ml. of adenosine triphosphate (0.0013 it), 0J20 ml. of H.O. The side arm con- 
tained 0.20 ml. of octanoate (0.001 it) or acetoacetate (0 005 it) and 0 20 ml. of HjO 
or oxalacetate (0 01 it) or fumarate (0.01 it). Time, 18 minutes; temperature 26°. 
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of acetoacetate may represent a major pathway of pyruvate metabolism 
(22, 23). This reaction has been proposed to occur by way of various 
hypothetical condensation products, such as parapyruvic acid (24), 
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acetopyruvic acid (22), etc. In the liver pyruvic acid also undergoes ox- 
idation through the Krebs cycle (23). 

The washed liver preparation used in this study is capable of oxidizing 
pyi’uvic acid and the various intermediates of the ICrebs cycle. In the 
absence of o.xalacetatc or its precursors pyruvate is oxidized with the forma- 
tion of acetoacctate, a reaction which was found to require adenine nu- 
cleotide for maximum activity. When this reaction was studied quantita- 
tively, the data showed that the reaction can be expressed by the equation 

(2) 2CHjCOCOOII -1- 0..-»CH,COCH,COOH + 2COj + HjO 

This equation demands that the ratio of acetoacetate fonned to oxygen 
used to pyruvate used (in molar quantities) is 1:1:2. The typical e.xperi- 


T.vncE III 

Fornialion oj Acctoacclatc during Pyruvale Oxidation 
The main compartment of the Warburg vessel contained 0.60 ml. of enzyme, 0.20 
ml. of MgS 04 (0.005 m), 0.20 ml. of sodiiim malonatc (0.01 .\i), 0.20 ml. of phosphate 
buffer, pH 7.7 (0.007 .m), 0.20 ml. of adenosine triphosphate (0.0012 .u), and 0.20 ml. 
of HjO. The aide arm contained O.-IO ml. of sodium pyruvate (0.015 m) or H-0. 
Time, 53 minutes; temperature 31°. 
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Os uptake 
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formed to 0* uptake 
to pyruvate removed 
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Calculated, equation (2) j 
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! 

1.00:1.00:2.60 
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ments in Table III sliow very' nearly a quantitative correspondence to this 
ratio. 

It is evident that the washed enzyme suspension is capable of converting 
either fatty acids or pyruvate into acetoacetate quantitatively, according to 
equations (1) and (2). 

Formation of Citrate from Pyruvale — Preliminary e.xperiments showed 
that the liver suspension was capable of o.xidizing pyruvic acid further 
than equation (2) indicated, but only in the presence of fumarate, malate, 
or oxalacetate, indicating the existence of two possible metabolic pathways 
for pyiuvate oxidation in these preparations. In order to demonstrate 
these two pathways the oxidation of pyruvate by the malonate-inhibited 
liver suspension was studied in the presence and absence, of simultaneous 
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fumarate oxidation. In the absence of fumarate, pyruvate \\ as quantita- 
tively oxidized to acetoacetate, as nas shown in the previous section. 
When fumarate was oxidized simultaneously with pyruvate, the yield 
of acetoacetate dropped considerably and there was an extra accumulation 
of citrate (see Table IV). In the latter experiment there was evidently 
an accumulation of those intermediates of the Krebs tricarboxylic acid 
cycle pieceding the point of malonate inhibition; namely, succinic dehy- 
drogenase. Although citric acid is not on the main pathway of the Krebs 
cycle (25), it is in equilibrium with cis-aconitate and isocitrate, which are 
probably true intermediates in the cycle. The accumulation of extra citrate 
during pyruvate oxidation indicates that pyruvate can undergo oxidation 
via the Krebs cycle in the presence of fumarate (a precursor of oxalacetate). 
Pyruvate may therefore be oxidized through two pathways by these liver 

Tible IV 

Acetoacetate and Citrate Formation from Pijrucate 
The main compartment contained 1 20 ml of enzyme, 0 40 ml of XIgSO» (0 005 
n), 0 40 ml of phosphate buffer, pH 7 7 (0 OOS si), 0 40 ml of sodium malonate (0 01 
m), 0 40 ml of adenosine triphosphate (0 C014 St), and 0 40 ml of HiO Side arm, 
QiO ml of H.O or pyruvate (0 015 st) and 0 20 ml of H-O or fumarate (0 OOS si) 
Time, 2S minutes, temperature 25° 
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suspensions, one leading to the formation of acetoacetate and the other 
through the events of the Krebs cj'cle. The course of the oxidation is 
determined by the supply of oxalacetate or its precursors. Acetoacetate is 
not a common intermediate in these two pathways, since it is not capable of 
forming extra citrate in the presence of fumarate or oxalacetate (Table II). 

Effect of Fumarate on Course of Fatly Acid Oxidation — In a previous study 
it was shown that fatty acid oxidation requites “activation” by ATP or 
oxidations in the Krebs cycle (11). In that study routine acetoacetate 
determinations were made to demonstrate that extra oxygen uptake in the 
presence of fatty acid reflected actual oxidation of the fatty acid. On 
further study it w as found that the ratio of acetoacetate formed to extra 
oxygen taken up differed widely, depending on the manner in which the 
oxidation of octanoate was “activated.” When fatty acid oxidation was 
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activated by ATP or coupled to the oxidation of a-ketoglutarate to suc- 
cinate (in a malonate-inhibited system), the ratio of acetoacetate formed 
to extra oxygen taken up was approximately O.GO to 0.65 (or nearly a quanti- 
tative correspondence to the stoichiometry of equation (1)). When 
a-ketoglutarate was o.xidized to succinate in the presence of malonate, the 
further oxidation of succinate to fumarate was obviously prevented. How- 
ever, when octanoate oxidation was activated by Jumaralc oxidation in the 
presence of malonate, the ratio of acetoacetate formed to extra oxygen 
taken up dropped to as low as 0.20. Since acetoacetate Avas nol attacked 
by the liver suspension (Table II), these results indicated that the produc- 
tion of acetoacetate was affected by the presence of fumarate or its oxida- 
tion products. This effect of fumarate in lowering the yield of acetoacetate 
from octanoate resembles the effect of fumarate in lowering the yield of 

Table V 

Accloacclalc and Cilralc Formation /roni Oclanoata 
The main compartment contained 1.20 ml. of enzyme, 0.40 ml. of MgSOi (0.005 si), 
0.40 ml. of phosphate buffer, pH 7.5 (0.004 .m), 0.40 ml. of sodium malonate (0.01 si), 
0.40 ml. of adenosine triphosphate (O.OOIS m), and 0.40 ml. of H-O. The side aim 
contained 0.20 ml. of HjO or octanoate (0.001 m), and 0.20 ml. of H-O or fumarate 
(0.007 m). Time, 29 minutes; temperature, 25“. 
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acetoacetate from pyruvate demonstrated in the preceding section. This 
resemblance suggested the participation of fragments from the fatty acid 
in the I&ebs cycle. To test this question acetoacetate and citrate forma- 
tion from octanoate in the malonate-inhibited liver suspension were deter- 
mined in the presence and absence of simultaneous fumarate oxidation. 
In Table V is shown a typical experiment. 

It can be seen that, xvlien octanoate was oxidized in the presence of 
fumarate, extra citrate was formed and the yield of acetoacetate was di- 
minished. Since the extra oxygen uptake in the presence of octanoate was 
approximately the same with or without added fumarate, very likely the 
same amount of fatty acid underwent oxidation in the two situations. 
The implication of this experiment is clear; fatty acid oxidation may pro- 
ceed to acetoacetate or through the I&ebs cycle, depending on the supply of 
oxaJacetate, exactly as pyruvate oxidation may undergo two metabolic 
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pathways in these preparations. Furthermore, acetoacetate does not 
form citrate in the presence of oxalacetate or fumarate (Table II), indicating 
that if oxalacetate acts by condensing with some reactive fragment to 
form citrate (or its precursors) it must react with some precursor of aceto- 
acetate. 

Similar experiments showed that the yield of citrate depends on the 
concentration of fumarate. Also, it was found that o.xalacetate can be sub- 
stituted for fumarate in these experiments. However, oxalacetate under- 
goes rapid decomposition into pjTuvate and CO;, introducing the com- 
plication of pyruvate oxidation. Fumarate o.xidation was found to yield a 
more constant supply of the condensing intermediate with a reduction of 
this secondary complication to a minimum. 

Carbon Balance during Oclanoale Oxidation — ^The amormt of citrate 
formed from octanoate indicated that the carbon of the fatty acid diverted 
from acetoacetate formation might be accounted for in the accumulation 
of intermediates before the malonate block. To determine this on a more 
nearly quantitative basis the accumulation of acetoacetate, citrate, a-keto- 
glutarate, and succinate was measured during octanoate o.xidation in the 
presence of fumarate. The other intermediates likely to accumulate under 
these conditions are «s-aconitate, isocitrate, and oxalosuccmate (26). 
These are not readily determined under these experimental conditions but, 
since cis-aconitate and isocitrate are in equilibrium with citrate (aconitase), 
their total accumulation can be calculated, since Alartius and Leonhardt 
(27) have shown that at equilibrium isocitrate and cis-aconitate form 10.8 
per cent of the total concentration of the reactants present. 

In Table VI is presented a carbon balance sheet for the oxidation of 
octanoate, with and without simultaneous fumarate o.xidation. Octanoate 
was not determined but it was assumed that the same amount of fatty acid 
disappeared in the two situations, since the extra 0; uptake in the presence 
of fatty acid indicated that this approximation was justified. It should be 
mentioned that the oxygen uptakes due to fumarate and fatty acid were not 
always additive in different preparations when both substrates w ere pres- 
ent, indicating in such cases a competition for hydrogen acceptors. Ob- 
viously, without actual determinations of octanoate disappearance it cannot 
be assumed that the same amount of octanoate is o.xidized in the presence 
and ab.sence of simultaneous fumarate oxidation unless the separate o.xj'gen 
uptakes are additive. Therefore the analytical data reported were obtained 
from a selected e.xperiment in which this additivity was erddent during the 
course of the oxidation. It would of course be desirable to have, in addition 
to the data given, estimations of octanoate disappearance. The detemu’na- 
tion of octanoate by distillation and titration in the amounts used in these 
e.xperiments was in our hands subject to considerable errors, since the 



300 


FA'ITY ACID OXIDATION IN DIVER 


amount of octanoate substrate added per vessel is equivalent to but 0,SQ 
ml. of 0.01 N NaOH. The determinations of succinate and citrate ako 

Table VI 

Carbon Balance during Octanualc Oxidation in Presence and Absence of Fumarak 
The Warburg vessels contained 2.-I0 ml. of enzyme, O.SO ml. of MgSO* (0.005 ii), 
0.80 ml. of phosphate bulTcr (O.OOS .m), O.SO ml. of sodium malonate (O.OI u),0.S0 
ml. of adenosine triphosphate (0.0010 .m), and I.-IO ml. of H.O. The side arm con- 
tained 0.40 ml. of H;0 or octanoate (O.COl .m) and 0.60 ml. of H;0 or fumarate (0.000 
m). Time, 34 minutes; temperature 31°. 
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require relatively large aliquots of the reacEion media. Complete anidysis 
of the reactants involved would therefore require an experiment of umrieldy 
dimensions. The assumption that the same amount of octanoate 















A. L. LEHXINGER 


301 


oadized in the two situations would, however, appear to be justified, 
as is e\’ident from the data. 

In these calculations it was also assumed that a single 2-carbon fragment 
(see “Discussion”) from the octanoate went into the formation of each 
molecule of citrate, isocitrate, cis-aconitate, a-ketoglutarate, and succinate, 
and that two such fragments went into the formation of each molecule of 
acetoacetate. Also the analytical values for the control experiment 
(fumarate alone) were subtracted from the data. 

The recovery of octanoate carbon in the absence of fumarate was 95 
per cent, nearly all of it in the form of acetoacetate. In the presence of 
fumarate 88 per cent of the carbon was accounted for. Somewhat over half 
of this amount was recovered as acetoacetate and the rest as tricarbo.xylic 
acids, a-ketoglutarate, and succinate. In view of the a^vunptions in- 
volved in the calculations and the errors inherent in the analytical methods 
the recovery may be considered essentially complete. Two additional 
recovery experiments yielded somewhat different distributions of carbon 
with recoveries of 91 per cent and 108 per cent. These carbon recovery 
nxperiments indicate that the process of fatty acid oxidation in these en- 
zyme preparations can be quantitatively described by the formation of 
acetoacetate and the participation of fragments derived from the fatty 
acids in the events of the Krebs tricarboxj'lic acid cycle. 

Comparisons of the relative effectiveness of pyruvate and octanoate in 
causing citrate formation were made with the same sample of liver sus- 
pension in the presence of e.xcess fumarate and malonate. Obviously such 
comparisons are only semiquantitative, since the accumulation of citrate 
under these conditions is the resultant of several comple.x reactions. How- 
ever, in a total of nine experiments in which citrate formation from pyruvate 
and octanoate was measured under identical conditions, the formation of 
citrate from the two substrates was always of approximately the same mag- 
nitude, although the formation of citrate from octanoate was usually some- 
what smaller than from pyruvate. These experiments indicate that 
potentially fatty acids may contribute as much carbon for oxidation 
through the Krebs cycle as does pyruvate. 

Oxidation of Odd Carbon Fatly Acids — ^It has been known for some time 
that the odd carbon fatty acids are less ketogenic than their even carbon 
neighbors and that they are glycogenic in contrast to the even carbon acids, 
which do not form extra liver glycogen in fasted rats. It is also known 
(28) that, as the C chain length of the odd carbon acids is increased, the 
glycogenic effect per carbon atom of the fatty acid fed decreases. This 
has been interpreted to mean that fatty acids are oxidized from the carboxjd 
end of the chain forming 2-carbon ketogenic fragments until the terminal 
2 or 3 carbons are reached. The terminal 2-carbon fragment is ketogenic. 
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whereas the terminal 3-carbon fragment, in the case of the odd carbon 
acid, may be oxidized to pyruvic acid, which is glycogenic. As the nhn.in 
length is increased, the terminal glycogenic 3-carbon fragment of the odd 
carbon fatty acid exerts relatively less glycogenic action in contrast to the 
much larger number of ketogenic fragments. 

In view of this essential difference in the metabolism of the odd and 
even carbon fatty acids, it was of interest to examine the oxidation of 
odd carbon fatty acids in the washed liver suspension used in this study. 
In Table VII are shown analytical data obtained in a comparison of the 
rates of oxygen uptake, acetoacetate formation, and citrate formation 
when heptanoate, octanoate, and nonanoate were used as substrates. It 
can be seen that the neighboring odd carbon acids were oxidized at rates 

Table VII 

Oxidation of Odd and Even Carbon Fatty Acids 
The main compartment of the AVarburg vessel contained 1.40 ml. of enzyme, 0.40 
ml. of MgSOi (0.005 m), 0.40 ml. of phosphate buffer (0.004 m), 0.40 ml. of sodium 
malonate (0.01 m), 0.40 ml. of adenosine triphosphate (0.0018 m), 0.30 ml. of HsO 
or fatty acid (sodium salt) (0.001 m), and 0.2 ml. of HjO or fumarate (0.0075 m). 
Time, 27 minutes; temperature 31“. 
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approximating the rate of octanoate oxidation and that acetoacetate forma- 
tion likeivise proceeded at about the same rate from the three substrates. 
The odd carbon acids were also capable of citrate formation during simul- 
taneous fumarate oxidation. The data therefore indicate that odd and 
even carbon fatty acids are oxidized by essentially the same mechanism. 
These data and conclusions are not necessarily inconsistent with the facts 
and interpretations concerning odd carbon fatty acid metabolism outlined 
above. For instance, the 9-carbon fatty acid may form on oxidation three 

2- carbon fragments, which condense to form acetoacetate. The terminal 

3- carbon fragment is very likely oxidized to pyruvic acid, which in the 
intact animal is glycogenic but in these washed liver suspensions is quanti- 
tatively ketogenic in the absence of fumarate, as has been sho’ivn in this 
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paper. Therefore one would expect no essential difference in the yield of 
acetoacetate from 8- and 9-carboa acids in these preparations. The 
mechanism of oxidation of odd and even carbon acids therefore appears to 
be identical in these preparations, and the differences observed in mvo 
may be ascribed to a difference in the metabolic disposition of the ter minal 
2- or 3-carbon fragment of the fatty acid. 

MSCOSSIOX 

This quantitative study of the over-all process of fatty acid oxidation in 
rat liver suspensions, uncomplicated by other metabolic events, renders 
much more approachable the study of the finer details of the ensymatic 
mechanisms of fatty acid oxidation. It has not been possible in the past 
to set up a balance sheet for this process because of the obvious limitations 
of the surviving slice and perfusion techniques. No statement may be 
made from the results of this study concerning the existence or importance 
of other pathways of fatty acid oxidation which have been postulated in 
the past, such as cj oxidation. From the high activity of these liver sus- 
pensions in catalyzing the reactions described it would appear that these 
reactions are of major importance in fatty acid oxidation in the intact liver. 

Recent work, summarized and added to by Buchanan el al. (6), has 
already extended the significance of the Krebs tricarbo.xylic acid cycle, 
which was originally postulated to account for pyruvate o.xidatioa in 
muscle, to include the oxidation of acetoacetate in some e.xtrahepatic 
tissues. In view of the e.xperiments reported in this paper the significance 
of the cycle must be extended further to include the oxidative degradation 
of fragments derived from the fatty acid molecule in the liver. The Krebs 
cycle therefore assumes a more generalized and broadened importance as 
a cyclic mechanism for the oxidation of specific metabolites derived from 
both carbohydrate and fat. 

The quantitative formation of 2 molecules of acetoacetate during the 
oxidation of octanoate demonstrated in this paper provides an independent 
and more conclusive confirmation of the "multiple” formation of ketones 
from fatty acids which has been observ'ed in surviving slices and in intact 
animals (7-9). The effect of the -l-carbon dicarboxylic acids in reducmg 
the yield of acetoacetatg from octanoate by' causing fragments from the 
fatty acid to pass through the Krebs cycle instead must be included as one 
of the factors in the complex process kno-aTi as antiketogenesis. This 
effect may account in part for the fact that multiple formation of ketone 
in mvo is readily demonstrable only in fasting or diabetic animals. 

Buchanan et al. (6) have already pointed out that the participation of 
fragments derived from fatty acids in the Krebs cycle does not imply 
that these compounds must necessarily cause e.xtra glycogen synthesis in 
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the fasted rat, since in the process of oxidation of tricarboxylic acid to 
oxalacetate (or pyruvate) the carbon atoms of these reactive fatty acid 
fragments are lost as CO: , leaving no net increase of glycogenic carbon. 
However, participation of fragments derived from fatty acids in the Krebs 
cycle does provide a possible explanation for the incorporation of isotopic 
fatty acid carbon into glycogen (29), a process which does not necessarily 
proceed through fixation of metabolic carbon dioxide derived from fatty 
acid (30). 

The mechanism of acetoacetate and citrate formation from pyruvate or 
fatty acids is a subject of particular interest at present. It is tempting to 
assume that there exists a 2-carbon fragment common to these reactions 
as well as fatty acid and cholesterol synthesis (31, 32). Krebs has recently 
considered the possibility that pyruvate is oxidized to a 2-carbon compound 
prior to condensation with oxalacetate (33), although, as he points out, 
proof of this mechanism is still lacking. Weinhouse el al. (34) have 
already demonstrated the participation of 2-carbon fragments derived from 
fatty acids in acetoacetate synthesis. The o.xidation of acetoacetate in 
extrahepatic tissues through the Krebs cycle also very likely involves 
preliminary splitting of the acetoacetate into two 2-carbon fragments 
(5, 6). In this connection, the author has already shown that kidney and 
muscle suspensions form acetate from acetoacetate (35). Since aceto- 
acetate itself is incapable of forming citrate in the rat liver suspensions 
used here, it is evident that some precursor of acetoacetate (very likely a 
2-carbon fragment) is the actual intermediate. 

In view of these considerations, the most reasonable working hypothesis 
relating these metabolic events is that identical or, more likely, readily 
interconvertible 2-carbon fragments are involved in both fatty acid and 
pyruvate oxidation. Such a hypothesis has already been considered and 
elaborated in several recent publications (see (36)) and Avill not be de- 
veloped in detail. In this connection, Bloch and Rittenberg (37) have 
shown that fatty acids and pyruvate differ in their ability to serve as 
sources of carbon for cholesterol synthesis and as sources of acetyl groups 
in the acetylation of foreign amines. Unpublished experiments of the 
author also indicate that not all of the fatty acid carbon is available for 
citrate synthesis in the liver suspensions used in this study. In view of 
these facts it is more probable that 2-carbon fragments from pyruvate and 
fatty acids are not actually identical but may be interconvertible under 
certain conditions. 

An approach has been made toward the identification of 2-carbon com- 
pounds capable of forming acetoacetate and citrate. Acetate, glycolate, 
glyo.xylate, oxalate, glycine, acetaldehyde, acetamide, ethanol, acetoin, 
and diacetyl do not appear to be intermediates in these reactions. 
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Acetyl phosphate, which has been almost universally suggested as the 
active iatermediate in some of the metabolic reactions imder discussion ia 
view of Dpmann’s ex'cellent work on the identification of acetyl phosphate 
as an intermediate in certain bacterial reactions, is unable to form even 
traces of acetoacetate or citrate in the washed liver suspensions, even in 
the presence of ATP and simultaneous a-ketoglutarate or fumarate oxida- 
tion. The rate of dephosphorylation of acetyl phosphate in these prepa- 
rations is relatively slow and is not a factor in this failure. 

SUMMARY 

1. A washed rat liver eneyme suspension, in the presence of adenosine 
triphosphate, magnesium ions, and malonate, o.xidiees octanoate completely 
to acetoacetate, according to the equation 

(1) CiHiiCOOH 4- 30;-^2CH,C0CH.C00H + 23:0 

There is no endogenous o.xidative activity. 

2. This enzjme suspension, in the presence of ATP, magnesium ions, 
and malonate, and in the absence of o.xalacetate, o.xidizes pjruvate quanti- 
tatively to acetoacetate, according to the equation 

(2) 2CHaC0C00H -f 0.-»CHaC0CH.C00H -r 2CO. -r H-O 

In the presence of o.xalacetate, however, the jneld of acetoacetate is dimin- 
ished and extra citrate accumulates, exfidence of the occurrence of the 
“Krebs condensation.” 

3. When fatty acids are o.xidized by the enzjme in the presence of 
fumarate and malonate, the jdeld of acetoacetate is diminished and e.xtra 
citrate, a-ketoglutarate, and succinate accumulate in such amounts as to 
account quanlilalively for the carbon of the fatty acid diverted from aceto- 
acetate production. Acetoacetate does not form citrate in the presence 
of o.xalacetate and ATP, indicating that the formation of citrate from fattj* 
acid involves some precursor of acetoacetate. 

4. Odd carbon fatty acids are oxidized and form acetoacetate and 
citrate at approximately the same rates as their even carbon neighbors. 

The author wishes to express his appreciation to Mr. Horace Gerarde 
and Mrs. D. M. Smith for their assistance in some of the work presented 
in this paper. 
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THE EELATION OF THE DIET TO THE COMPOSITION OF 
TISSUE PHOSPHOLIPIDIS* 

VI. LIVER LECITHIN AS REIATED TO THE CHOLINE AND FAT CONTENT 

OF THE DIET 

Bt WILLIAM H. FlSHMANt a-ntb CAMILLO .ARTOM 

(From the Department of Biochemietrti, Bowman Gray School of Medicine, 

IVaie Foreet College, Winaton-Salem, North Carolina) 

(Received for publication, April 13, 1946) 

Previous data in the literature point to a relationship between the pro- 
portion of fat in the diet and the formation of phospholipides in the liver. 
Thus, Artom (1) described a temporary rise of total phospholipides in the 
liver of dogs during the absorption of large amounts of fats. Sindair (2) 
observed that the amounts of phospholipides were higher in the liver of rats 
maintained on a diet rich in fat than in control animals on a fat-free diet. 
In later investigations with the radioactive isotope of phosphorus (P“), 
Artom et d. (3) found that both the total radioactiviti' and the specific 
activity of the lipide P were increased in the liver of rats on a high fat diet. 

The experiments reported in preceding papers of this series were de- 
signed to study the influence on tissue phospholipides of dietary factors 
other than fats. Accordingly, in order to obtain basal-like conditions, 
it seemed preferable to employ diets low in fat. On these low fat choline- 
deficient diets, a fall in total phospholipides and in lecithins of the liver was 
first observed (4). Under some conditions (e.p., immediate choline supple- 
mentation in weanling rats (5, 6)), it was possible to prevent the decrease in 
lecithins to a large extent. In other e.xpetimental situations (e.g., in 2 to 
3 month-old rats with choline supplementation delayed (5, 7)), the drop in 
lecithins, as a rule, could not be prevented or reversed. In view of these 
observations and of the previous findings of Artom and Sinclair,* it now 
became of interest to investigate the effects of varying both the proportion 
of fat and of choline on the composition of the phospholipides of the liver. 

EXPEHEUENTAL 

Alale albino rats, raised on our stock diet (Rockland Farms) to about I(K) 
gm., were transferred to one of the experimental diets and maintained on 

* Aded by a grant from the John and Mary R. Markle Foundation. A prelimi- 
nary report was presented before the American Society of Biological Chemists (F ed- 
eration Proc., 4, 90 (1945)). 

t Present address, Department of Surgery of the University of Chicago, Chicago. 

^ It should be noted that in these studies the diets probably contained adequate 
amounts of choline or choline precursors, and that total phospholipides only were 
determined in the liver. 
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the same diet foi- 19 days. The composition of the diets is recorded in 
Table I. Choline supplementation was initiated after 7 days and con- 
tinued for 12 more days. At the end of the experiments, the animals were 
decapitated. Usually, the livers of the rats of the same group were pooled 
and minced; at least two samples of the pooled tissue were analyzed, as 
described previously (9), Tn other experiments, the analyses were carried 
out on samples from individual livers. Except for total fatty acids, all 
other determinations (P, choline, and di-y weight) were made in duplicate. 

Results 

The analytical data have been expressed on the basis of concentration, 
c.g. mg. per gm. of moist lipide-free tissue; the average values obtained in 


T.kble I 

Coiwposilion of Experimental Diels* 
The values are in per cent of dry weight. 


Diet Xo. 1 

Dcstrin 


.Ctisco 

Cod liver oil 

23 

42 

42 



20 

39.5 

39.5 


5 

24 

39.5 i 

1 39.5 

5 * 


4 

37 i 

37 

5 

5 

21 

32 

32 

15 

5 

5 j 

27 

27 

25 

5 

19 

22 

1 22 

35 

5 


* In addition to tlie above components, all experimental diets contained casein 
10 per gent, a salt mixture (Osborne and Mendel (8)) 4 per cent, and a cellulosic mate- 
rial (Ruffex) 2 per cent. Pure B vitamins in amounts indicated previously (7) were 
incorporated in the daily rations of all animals. Moreover, the rats on Diets 23 and 
24 received 2 drops of a concentrated preparation of A and D vitamins (oleum perco- 
morphum), three times during the last 12 days of the experiments. In the experi- 
ments with choline supplementation, a 10 per cent solution of choline hydrochloride 
was added to the diets in amounts corresponding to 50 mg. per rat per day. 

the various experimental groups are reported in Table II. For the purpose 
of comparison, the corresponding averages, previously obtained on the 
livers of animals on the stock diet (9, 7), are also included. 

On the basis of these "normal” values, it is apparent that in the experi- 
ments without eholine supplementation low levels for total and choline- 
containing phospholipides (but not for non-choline-containing phospho- 
lipides) have been uniformly obtained, irrespective of the proportion of fat 
in the diet.- As expected, in the absence of dietary choline, non-phospho- 

* In the experiments mthout choline supplementation, the highest and lowest 
values for the choline-containing fraction were observed in the livers of the groups 
in Experiments 2 and 3; in these, two diets have been employed -which contain the 
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Table II 

Liptde Composition of Rat Liter .Is Related to Proportion of Fats in Experimental 

Diets 

The rats were maintained on the experimental diets for 19 days. Choline supple- 
mentation was initiated after 7 days and continued for 12 days. lipide values are 
calculated for 1 gm. of moist lipide-free tissue. 


m 



1 1 

•3 

o 

a 

Body 1 
weight 



Phoipholipxdes 


1 



-2 1 






1 1 


Xca- 

cho 

Hne- 

con- 

Uin- 


Xo. of 
rats* 

Diet No. 

Per cent ol 
diet 

cS 

u o 

a es 

U C 
> — 

< 

Initial 

.... 

ef 

e 

3 

o 

u 

> 

•4 

Total lipido 

Total 

Choline- 

containing 

O <3 


Experimental diets. No choline added 






x«. 

xnt. 


gm. 

MX. 

wx. 


per cent 
o/ IcUl 
phos- 
pkalip- 
idet 

CTX- 

«x. 

nx- 

1 

2 (2) 

23 

0 

15.7 


147 


268.9 

23.6 

(ns! 

44.1 

13.2 

218.3 

5.2 

2 

3 (2) 

K!1 

5 

12.6 


141 

6.83 

feilrJW 

26.3 

15.1 

57.4 

11.2 

itanny 

8.5 

3 

2 (2) 

24 

5 

10.7 



6.36 

116.7 

18.6 

7.6 


■ntn 

81.2 

8.8 

4-6 

9 (7) 

4 

10 

12.1 

107 

149 

6.98 

164 9 

23.6 

12.4 

52.5 

11.2 

IglK 

8.6 

7 

3 (2) 

21 

20 

8.9 


119 

6.32 

171.9 

24.8 

14.4 

58.1 


iQn 

5.2 

8 

4 (2) 

5 

30 

7.6 

llffl 

133 

7.13 

312.3 

21.6 

11.1 

51.4 

BoB 

Ban 

9.1 

9 

4 (2) 

19 

40 

5.8 

104 


6.46 

248.7 

m 

13.0 



11.2 


Experimental diets. Choline addedf 



2 

(2) 

23 

0 

16.8 

Hi 

IS 

6.96 

59.124.9 

14.2 

57.0 

10.7 

26.3 

5.3 

11-12 

8 

(4) 

Ell 

5 

10.2 

105 

128 

5.57 

42.9 24.3 

16.2 

66.7 

8.1 

13.2 

4.1 

13 

2 

(2) 

24 

5 

14.5 

107 

144 

liEil 

48.622.3 

15.4 

69.0 

6.9 

18.8 

5.6 

14-16 

9 

(7) 

4 

10 


102 

137 

5.73 

gwtngjilil 

13.5 

58.2 

9.7 

roil 

4.2 

17 

4 

(2) 

21 

20 


IBa 

130 

5.26 

56.9 28.2 

gilil 

70.9 

8.2 

20.9 

5.7 

18 

4 

(2) 

5 

30 

8.2 

102 

129 

5.76 

72.5 21.1 

17.9 

84.8 

3.2 

41.3 

6.0 

19 

4 

(2) 

19 

40 

5.6 


113 

6.11 




6.6 

40.6 

6.7 

Stock diet 

t 

24 

(16) 

5 




122 

5-56 

44.5[31.5 

19.5 

61.9 


8.6 

3.6 


• The figures in parentheses indicate the number of samples analyzed, 
t The amounts of choline hydrochloride actually ingested varied between 37 and 
44 mg. (average 41 mg.) per rat per day. 
t See (0, 6). 

§ Rockland rat diet (complete), by .-Ircady Farms JElling Company, Chicago, 
Illinois. 

same proportion of fat (5 per cent), however, with quite different characteristics. 
While these findings may be suggestive of a relationship between the nature of dietary 
fats and the lecithin level in the liver, the present data are obviously too scanty to 
justify any statement on this point. 
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lipide fatty acids were always elevated, although to a variable extent. In 
fact, even individual livers of animals in the same experimental group 
showed marked differences in their neutral fat content. 

When the experimental diets were supplemented, after 7 days, with 
choline hydrochloride, choline-containing phospholipides were always more 
or less higher than in the corresponding groups on the same diets without 
choline. However, in the experiments in which diets with a low fat content 


Table III 

Comparison of Effects of Choline Supplementation on Liver Lipides of Rats on Low 

and High Fat Diels 


Average values 

Per 
cent 
of fat 
in 
diet 

Dietary 

No. of 
rats and 
analyses* ' 

Phospholipides 

Non- 

Non- 

phospho- 

liptdo 

fatty 

acids 

calculated for 

supplement 

Total 

Cholinc- 

contaioing 

contain- 

ing 





mg. 

mg. 

per cent 
of total 
pftosphch 
lipides 

mg. 

mg. 

1 gm. moist 

0-10 

Choline HCl 

21 (15) 


mm 


8.9 

13 

lipide-free 


None 

16 (13) 




11.4 

135 

tissue 


Difference 


■4-0.2 

4-2.7 

4-10.9 

-2.5 

-122 


20-40 

Choline HCl 

12 (6) 

26.0 

20.0 

76.9 

6.0 

34 



None 

11 (6) 

23.7 

12.7i 

53.6 

11.0 

199 



Difference 


4-2.3 

4-7.3 

4-23.3 

-5.0 

-165 

Igm. dry lipide- 

0-10 

Choline HCl 


97.1 

60.6 



53 

free tissue 


None 


96.9 

49.9 



561 



Difference 


4-0.2 

4-10.7 


-10.5 

-508 


20-40 

Choline HCl 


113.1 

87.0 


26.1 

138 



None 


97. S 

52.4 


45.4 

803 



Difference 


4-15.3 

4-34.6 


-19.3 

-665 

Whole liver of 

0-10 

Choline HCl 


123.1 

77.0 


46.1 

68 

125 gm. rat 


None 


123.7 

63.7 


60.0 

740 



Difference 


-0.6 

4-13.3 


-13.9 

-672 


20-40 

Choline HCl 


142.1 

109.1 


33.0 

190 



None 


134.8 

72.0 


62.8 

1097 



Difference 


4-7.3 

4-37.1 

! 

-29.8 

-907 


* The figures in parentheses indicate the number of samples analyzed. 


(up to 10 per cent) were employed, these differences are often slight, and 
most of the lecithin values obtained after choline administration fall in 
the higher range of the values found in the animals on experimental diets, . 
not supplemented with choline. This finding is in agreement ivith our 
previous results on 2 month-old rats fed a diet containing 10 per cent 
fat (5, 7). 

On the other hand, when the proportion of fat in the diet was raised to 
20 per cent and above, the effects of choline supplementation on the lecithin 
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leveb became more marked and values as high, as in the Ih'ers of rats on 
the stock <het were obtained. The increase in the choline phospholipides 
was accompanied by a definite decrease in the non-choline phospholipide 
fraction. Consequently, in the liver of animals on high fat diets supple- 
mented with choline the percentage of choline phospholipides in the total 
phospholipides is definitely elevated. 

The determinations of non-phospholipide fatty acids show that the ad- 
ministered choline exerted its lipotropic effects in all animals, on both low 
and high fat diets. 

In order to substantiate further the statements mentioned above, 
the analytical data have been calculated also on the basis of both the 
dry lipide-free tissue and the total amoimts in the liver of a typical rat with a 
terminal weight of 125 gm. A comparison between the average values 
has been made in Table III from which it is also apparent that the same 
general concluaons may be drawn regardless of the method employed for 
expressing the results. 


DISCUSSION* 

It appears that, wader the eonditions of the present experiments, the 
level of lecithins in the liver is dependent on the dietary supply of both 
choline and fat. 'WTien the experimental diets contain large proportions of 
fats and generous amounts of chohne are also supplied, the lipide composi- 
tion La the liver of 2 month-old rats becomes similar to that prerdously 
described in weanling rats on both high or low fat diets supplemented with 
choline (f.e., high lecithin levels, non-choline phospholipides decreased, low 
content in neutral fats). 

Total phospholipide values were increased only minimally, and not in all 
axperiments. However, when differences in the experimental conditions 
are taken into account, our present findings may be considered to be in 
line with those of the studies mentioned previously (1-3), in which in- 
creases in the amoimt and in the rate of formation of total phospholipides 
have been described in the liver of animals fed high fat diets. It has been 
pointed out that these diets presumably contained adequate amounts of 
choline or choline precursors. On the basis of our present results, it may 
be assumed that the changes previously observed in the total phospholipides 
after ingestion of large amounts of fat were the expression of even more 
extenave changes m the lecithin fraction. This statement veiy probably 
applies also to the results of Perhnan and Chaikoff (10), w-ho found that 
the amount of newly formed phospholipides (as measured by the incorpora- 
tion of radioactive phosphorus in the total phospholipides) is markedly 
increased in the liver of rats after the administration of a single dose of 
choline. In fact, in these experiments the animals were maintained on a 
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low protein diet containing as much as 40 per cent fat. Likewise, a high 
fat diet has been employed recently by Boxer and Stetten (11) who have 
shown, with the aid of isotopic nitrogen, that in the rat the incorporation 
of new choline into the liver lipides is accelerated during choline adminis- 
tration.® 


SUMRLVIIY 

2 month-old rats were maintained for 19 days on experimental diets in 
which the percentage of fats Avas varied from 0 to 40 per cent. At this 
time, the livers of all the animals contained large amounts of neutral fats 
and low levels of total and choline-containing phospholipides. 

When low fat diets were supplemented, after 7 days, with choline, the 
phospholipide values weie only slightly affected. On the other hand, 
Avhen choline was added to diets containing 20 per cent or more fats, the 
levels of choline phospholipides in the li\er were as high as the corresponding 
values found in the liver of animals on a stock diet. This increase in the 
choline phospholipide fraction was accompanied by a decrease in the values 
for non-choline phospholipides. 

It appears that, under the conditions of these experiments, the level of 
lecithin in the liver is dependent on the dietary supply of both choline 
and fat. 
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RELATIOJT OF FASTING KETOSIS TO THE PROTEIN OF THE 
PRECEDING DIET 

Br HERBERT C. TIDWELL and C. R. TREADWELL* 

(From the Department of Biochemistry, SouOncestcrn Medical College, Dallas) 

(Received for publication, March 29, 1916) 

The rapid onset of a marked fasting ketosis following low protein diets 
has been attributed by AlacKay et al. (1, 2) to a lack of “stored” protein. 
They suggested that the catabolism of the “stored” protein after high 
protein diets, as measured by the urinary nitrogen excretion, supplied 
sufficient antiketogenic material (glucose) to reduce the need for metaboliz- 
ing fats. Besides the increased excretion of nitrogen in the urine, the better 
maintenance of the blood sugar and the liver glycogen levels in fasting rats 
previously receiving more protein was cited as additional evidence for this 
mechanism. 

Although there is considerable evidence (2, 3) that the protein of the 
preceding diet is related to the following fasting ketosis, it seemed desirable 
to obtain further data before concluding that the antiketogenic material 
from the protein catabolized during fasting, as measured by the m’trogen 
excreted, is sufficient to account for the low level of ketonemia following 
the higher protein diet. Also, a part of the small increase in nitrogen ex- 
creted by animals which had been on the 25 per cent protein diet, as com- 
pared with that of the animals which previously received a 5 per cent protein 
diet, might be due to either the well known lag in the e.xcretion of the 
nitrogenous end-products of protein metabolism or to an excessive flushing 
out of these products from the body by the diuresis which was produced 
as a part of the experimental procedure (2). 

The present report discusses the results of experiments designed to ©ve 
additional information concerning two points in relation to fasting ketosis. 
First, is the extra nitrogen excreted by fasting animals previously on high 
protein diets (in comparison with those receiving low protein diets) an 
accurate measure of the quantity of antiketogenic material available from 
the “stored” protein catabolized in these animals? Secondly, does the 
“stored” protein catabolized during fasting supply sufficient antiketogenic 
material to prevent the dev'elopment of a fasting ketonemia comparable 
to that observed in animals which have received low protein diets? In 
regard to the first point, this study indicates that the e.xtra nitrogen excre- 
tion is a relatively acciurate measure of the “stored” protein catabolized. 

* Present address. Department of Biochemistry, George Washington Univeraty, 
School of Stedicine, Washington. 
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Concerning the second, our results show that the administration of glucose, 
equivalent to the carbohydrate made available by catabolism of the extra 
protein (as calculated from the nitrogen excretion), did not produce in rats 
previously on a low protein diet the low level of fasting ketonemia observed 
in animals which had received high protein diets. 

EXPERIMENTAL 

In the first experiment white male rats averaging 200 gm. in weight were 
fed Diets 1 and 2 for IS days. Diet 1 contained 5 per cent casein and 34 per 
cent each of starch and glucose;* Diet 2, 25 per cent casein and 24 per cent 
each of starch and glucose. Both diets contained 2 per cent Cellu flour, 
5 per cent salt mixture (4), and 20 per cent lard. The diets were supple- 
mented daily with 1 dried yeast tablet and 2 drops of cod liver oil. Begin- 
ning with the 19 th day, all animals .were fed Diet 1 for the next 3 days and 
then fastqd for 2 days. The low protein diet was given for 3 days before 
the fast to the animals previously I’cceiving 25 per cent protein to avoid 
any lag in the excretion of the nitrogenous end-products while fasting as a 
result of the earlier higher protein intake. Hence, the nitrogen excreted 
during the fast should be a truer measure of the protein catabolized. Diet 1 
served as a maintenance diet for these animals, since all maintained their 
weight or gained slightly during the 3 day period. The daily food intake 
and weight changes were recorded. Daily urine collections were made 
under light mineral oil during the last 8 days of the study and the urine 
was analyzed for nitrogen. The adequate urine volumes previously found 
necessary for nitrogen excretion studies (2) were obtained by the intra- 
peritoneal injections twice daily of 5 cc. of 0.9 per cent saline. The saline 
solution was administered for 6 days before the fast to prevent the flushing 
out of the end-protlucts of protein metabolism during the fast, which might 
have occurred if the solution had been given only during the fasting period. 
Total blood ketone bodies were determined at the end of the 1st and 2nd 
days of fasting, as previously described (3). 

In the second experiment, similar rats weighing approximately 225 gm. 
were fed Diet 3 for 21 days. This diet was similar to Diet 1 with the excep- 
tion that the carbohydrate and fat contents were changed to 48 per cent 
glucose and 40 per cent lard. AH of the animals received appro.ximately 
the same amount of food, by limiting the food to that amount the majority 
would eat, in order that the body stores would be as nearly the same as 
possible when they were later divided into two groups. To determine more 
accurately the start of the fasting periods, the food cups Avere removed from 
the cages at 8 a.m. and returned at 9 a.m. On the day the fasting periods 
began, the cups ivere not returned to the cages and 9 a.m. Avas considered 

1 Generously supplied by the Corn Products Refining Company, New York. 
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the start of the fast. Intraperitoneal injections of 0.3 cc. per sq. dm. of 
body surface, calculated according to the formula of Rubner (5), of 0.9 
per cent saline or 5 per cent glucose were given at the start of the fast and 
at the end of each 12 hour period of the 48 hour fast. This 15 mg. of glu- 
cose per unit of body surface given twice daily is equivalent to the anti- 
ketogenic material available from the metabolism of protein containing 
8 mg. of nitrogen, assuming that the protein is 16 per cent nitrogen and that 
58 per cent of the protein is available for antiketogenic action. The blood 
for ketone determinations was drawn just before the injections at the end 
of 24 and 48 hour fasting periods. The room temperature during both 
experiments was maintained between 25-27°. Apparent differences were 
tested for significance by the t method of Fisher (6), and only those having 
a P value of 0.01 or less were considered significant. The standard error 
of the mean is pven with the tabulated data. 

Results 

The nitrogen excretion of the animals on the higher protein diet promptly 
decreased when the animals were placed on the o per cent protein diet. 
As is shown in Table I, the average nitrogen excretion for this period was 
approamately the same as that of the 2 day fast, indicating that any lag 
in the excretion of nitrogen had been eliminated. However, there was 
still a significant difference in the nitrogen excreted during the fasting 
period by the tn-o groups previously on the diets of diffeiing protein con- 
tent. An excess of approximately 8 mg. of nitrogen per unit of body surface 
per day was excreted by the animals previously on Diet 2. The shift from 
the high to a low protein diet for 3 days and the prolonged diuresis had not 
altered the significant difference in ketonemia after a 48 hour fast following 
the low and high protein diets. 

Additional evidence regarding the nitrogen excretion during a 2 day fast 
was obtained by calculation irith the data on the absolute weights of liver 
and other body proteins of animals from a previous experiment (7), The 
aninials were the same strain and sex as those used in this study. Their 
weight, environment, and diets were quite comparable to those of the ani- 
mals from which the nitrogen excretion data were obtained. The amount 
of protein available for catabolism was calculated according to .Iddis et al. 
(S), who reported losses of 20 per cent liver protein and 4 per cent of other 
body proteins in rats during a 2 day fast. In Table II are shown the dif- 
ferences between the liver and body proteins of the unfasted animals pre- 
viously on low and high protein diets and the calculated losses during a 
2 day fast. The excess protein calculated to be lost during the 2 day fast 
contained appro-ximately 7 mg. of nitrogen per unit of body surface. This 
value is sli^tly less than the daily nitrogen excretion value of S mg. that 
we obtained experimentally. 
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The effect of injecting 15 mg. of glucose per sq. dm. of body surface twice 
daily on fasting ketonemia after the low protein diet is shown in Table III. 
This glucose, the equivalent of the antiketogenic material from the excess 


Table I 

Nitrogen Excretion and Fasting Ketonemia 


The rats were fed Diets 1 and 2 for the first 18 days. Then all were fed the 5 per 
cent protein diet during the 19th .and 2l3t days and were fasted the 22nd and 23rd 
days. 24 hour urine colleetions were made for nitrogen determinations. 


Diet No.: 


Initial 

wcIkIii 

ChanRC 

in 

weight 

^ Protein 
intake per 
100 gm. rat 
per day 

Nitrogen excretion, 
per day 

> sq. dm. 

Fasting ketonemia 




22nd day 

23rd day 



Sm. 

per cent 

gnu 


me. 

me. 

1 rnj. 

mg. 

1 

9 

203 

9.2 

0.73 

23.5 

22.1 

22.5 

9.7 

26.9 






±0.8 

±0.7 

±0.8 

±1.0 

±2.3 

2 

S 

200 

19.4 

2.93* 

66.3 

1 32.6 

30.9 

10.4 

18.8 






±2.4 

±0.7 

±1.0 

±0.7 

±1.7 


* During first 18 days; 2.62 gm. for 21 days. 


Table II 

Calculated Protein Available During 2 Day Fast 
The data including absolute weights of protein were obtained from a previous 
study (7) . The excess available protein in rats on the'20 per cent protein diet over that 
of those fed the 5 per cent protein diet was calculated on the basis of a loss of 20 per 
cent of liver protein and 4 per cent of other body proteins during a 2 day fast (8). 





1 Absolute weights of protein 

1 Protein per sq. dm. 

No. of rats 

Diet protein 

Body surface 





Liver 

Body 

Liver 

Body 

1 

per cent 

S(j. dm. 

xm. 

gm. 

gm. . 

gm. 

8 

5 

2.43 

1.050 

22.62 

0.432 

9.309 



±0.05 

±0.048 

±0.79 

±0.014 

±0.297 

9 

20 

2.87 

1.281 

29.82 

0.446 

10.390 



±0.03 

±0.036 

±0.73 

±0.016 

±0.215 




0.231 

7.20 

0.014 

l.OSl 

Calculated protein available dur- 

ing fast. . 





0.003 

0.013 

Nitrogen from available protein 



0.000 



protein catabolized during fasting following the high protein diet, was given 
to determine whether the effect on the following fasting ketonemia would 
be comparable to that of a preceding high protein intake. The level of 




































oi ^Vttose- r e ^ot J^Joteu 

Oie ^^®^®^a.\{oUov>'^S ^ c\o^e\)t expe^® sbo^'-^'’ ^ 

{astvQB r ^jitrogea P . via^®^ ^ „ ce ^ -v, fail- 

(\\uvesis- ^vgDiftcaa'' 

It appea’^'’ ^ 



318 


PROTEIN DIET AND PASTING KETOSIS 


ing animals after the higher protein diet (Table II) should account for only 
slightly less nitrogen than the experimental values obtained in this study 
and in that of MacKay and coivorkers. The evidence suggests that this 
amount of nitrogen (4 to 8 mg. per sq. dm. per day) is a measure of the 
excess protein catabolized by the fasting animal after higher protein intakes 
and that the higher value would represent the maximum amount of protein 
that might be catabolized to supply excess antiketogenic materials to these 
animals. 

When the absolute amounts of liver and the remaining body proteins 
were converted to amounts per unit of body surface, the amount of liver 
protein was found to be approximately the same in the animals on both 
low and higher protein diets. A significantly greater amount of body pro- 
tein occurred in the animals on the higher protein intake. This suggests 
that, under the conditions of this studjq the body stores and not those of 
the liver supplied the additional protein metabolized in these animals with 
larger stores. 

A supplement of glucose, equivalent to the excess protein catabolized 
during fasting after the higher protein diets, failed to produce the same low 
level of fasting ketonemia as did a previous higher protein intake. There 
appeared to be a slightly lower level of ketonemia in the fasting animals 
receiving this small amount of glucose, but the level was significantly higher 
than thp,t of the animals previously on the higher protein intakes and was 
not significantly different from that of the animals after the low protein 
diets. Thus the available carbohydrate from the additional catabolized 
proton appears not to be the major factor responsible for the lower level 
of fasting ketosis after high protein diets, and this effect must at least in 
part be otherwise explained. 

Evidence is being accumulated that suggests an increased rate of utiliza- 
tion of carbohydrate by the animals on the low protein diets, when fed 
and extending into the early fasting period. Other investigators (9, 10) have 
suggested alterations in the carbohj'drate metabolism as a result of dietary 
changes. The rapid disappearance of liver glycogen during early fast (11) 
could be due to a more rapid utilization as well as a lack of replacement by 
glyconeogenesis. On a similar caloi'ic intake, animals on the loiv protein 
diets usually lose weight or barely maintain it, while those on higher protein 
intakes make appreciable gains in weight. This suggests an increased rate 
of metabolism in these fed animals on low protein diets which would account 
for the early ketosis following the rapid loss of carbohydrate stores. This 
metabolic rqte apparently decreases to below the normal levels after an 
overnight fast, since several investigators (12, 13) have shown a lower than 
normal basal rate in these animals. Further studies are in progress. 
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A ^METHOD FOR THE RAPID DETERMINATION OF 
ALIvALINE PHOSPHATASE WITH FIVE CUBIC 
IMILmiETERS OF SERUM 

Bv OTTO A. BESSEY, OLI\'EIl H. LOWRY*, and JLYRY JANE BROCK 

(Prom Ihe Division of i^^'nlrition and Physiology, The Public Health Research Institute 
of the City of Hew York, Inc., Kew York) 

(Received for publication, March 28, 1946) 

The alkaline phosphatase of the serum increases early and markedly 
in rickets and rettirns completely to normal only after healing is complete. 
Because of this fact, serum phosphatase is the most satisfactory index now* 
known for the detection of this deficiency. The phosphatase activity 
of serum is not strictly specific in this respect and has also proved clinically 
useful in a number of other patholo^cal states; e.g., Paget's disease, hyper- 
parathyroidism, liver disease, etc. 

In connection with nutritional studies on large groups of population, it 
became necessary to have a rapid method for the determination of this 
enzyme on small amounts of serum. By the use of a new substrate (p- 
nitrophenyl phosphate) a method has been devused which requires only 
5 c.mm. of serum (0.005 ml.) and which permits 50 to 100 analyses to be 
made in 2 hours. The simplicity and speed of the method recommend it 
for macro- as well as microdeterminations and for either alkaline or acid 
phosphatase. 

A number of methods have been described for the determination of the 
phosphatase content of senun and other biological materials, all of which 
depend upon the principle of measuring the rate of hydrolysis of various 
phosphate esters under specified conditions of temperature and pH. The 
two most widely used methods are those of Bodansky (1) and lung and 
Armstrong (2) in which glycerol phosphate and phenyl phosphate respec- 
tively are emploj'ed as substrates. While these methods are satisfactory 
for many uses, they are rather time-consuming when large nmnbers of 
determinations are needed; furthermore, they require larger samples of 
serum than is convenient for the purpose of dietary surveys. 

The substrate, p-nitrophenyl phosphate, was studied by King and De- 
lory (3) and has been used for phosphatase estimations by Ohmori (4) and 
by Fujita (5). The compound is colorless, but upon splitting off the phos- 
phate group, the yellow salt of p-nitrophenol is liberated (absorption 
maximum, 400 ma). Hence the substrate is itself an indicator of the 
amount of splitting and thus a measure of phosphatase activity'. It is only 
necessary to incubate serum with the buffered reagent, stop the r^-action 
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by dilution with alkali, and measure the amount of color developed. 
Since serum itself makes a small contribution to the color, the first colori- 
metric reading is followed by the addition of acid to the sample (converting 
the yellow sodium salt into colorless free nitrophenol) and a second colori- 
metric reading which furnishes a blank correction. This procedure is 
considerably simpler than those now in use. Furthermore, p-nitrophenyl 
phosphate is split by alkaline phosphatase 15 per cent faster than phenyl 
phosphate (3), 2 or 3 times more rapidly than glycerol phosphate, and 25 
or 30 times faster than phenolphthalein phosphate (6). Because of this 
rapid splitting, and the high chromogenicity of the salts of p-nitrophenol, 
the reagent is well suited for adaptation to microproccdures. 

Materials and Procedure 

Reagents and Standards — 

Reagent A. Dissolve 7.50 gra. (0.1 mole) of glycine and 95 mg. (0.001 
mole) of MgCU in 700 to 800 ml. of HsO, add 0.085 mole {e.g. 85 ml., 1 n) 
of NaOH, ancT dilute to 1 liter. 

Reagent B. Prepare 0.4 per cent disodium p-nitrophenyl phosphate 
(Eastman) in 0.001 N HCl. (At present the Eastman product contains 
about 50 per cent inert material; hence a double amount of this prepara- 
tion should be used. If desired, the compound may be purified by recrys- 
tallization from hot 87 per cent alcohol.) If the pH is not 6.5 to 8.0, 
adjust with acid or base. To test for free nitrophenol, dilute 1 ml. with 
10 ml. of 0.02 N NaOH and measure the light absorption at 415 m/i. If 
the extinction is greater than 0.08 (i.c. light transmission less than 83 per 
cent for a 1 cm. light path or 70 per cent for a 2 cm. light path), remove 
free phenol by extracting Reagent B two or thi-ee times with equal volumes 
of water-saturated butyl alcohol, and once with water-saturated ether, 
finally aerating off traces of ether. Store in the ice box. Reextract when 
Reagent B fails to pass the above test. 

Reagent C (complete reagent). Mix equal parts of Reagents A and B. 
If necessary, adjust the pH to 10.3 and 10.4 with a little strong NaOH or 
HCl. Store in the refrigerator, or, better, store frozen. When 2 ml. plus 
10 ml. of 0.02 N NaOH have an extinction (1 cm.) greater than 0.1, either 
discard or extract with butyl alcohol and ether as above and readjust the 
pH. 

Standards. Prepare solutions containing 1, 2, 4, and G mji per liter of 
p-nitrophenol (Eastman), mol. wt. 139.1. 

Apparatus — For 5 c.mm. serum volumes, (a) 5 and 50 c.mm. Lang-Levy 
constriction pipettes (Fig. 1); (6) 6 X 50 mm. serological tubes, Kmble 
No. 45060; (c) any spectrophotometer or photoelectric colorimeter adapted 
to 0.5 ml. volume measurements; e.g., Beckman spectrophotometer or 
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Junior Coleman spectrophotometer (model 6) (Adapters for the Coleman 
instrument may be obtained from Samuel Ash, 3044 Third Avenue, New 
York 56); (d) wire rack to hold 100 tubes; this may be made conveniently 
from f inch mesh wire screen. 

Principle and Use of Lang~Levy Conslriclion Pipeiles — ^These pipettes 
were originally described by Levy (7) working in the laboratory of Dr. 
Linderstrpm-Lang. They are particularly useful for the easi*, rapid, and 
precise measurement of volumes of 1 to 200 c.mm. (0.001 to 0.2 ml.), 
although larger pipettes are occasionally of value. With 10 to 200 canm. 
pipettes the percentage accuracy of delivery compares favorably with con- 
ventional pipettes delivering 2 to 10 ml.; j.e., appro.^imately 0.1 per cent. 
Below 10 c.mm. the precision falls off somewhat, but even with 1 c.mm. 
volumes a precision of at least 1 per cent is obtained and may be much 
better with a well made pipette properly used. These pipettes are easy to 
constrbct for any one familiar with the rudiments of glass blowing, ‘ or 
they may be obtained from the Arthur H. Thomas Company, Philadelphia. 

Drawings of Lang-Levy pipettes are shown in Fig. 1. They are filled 
and emptied by the use of a small rubber tube such as is used with blood- 
diluting pipettes. The pipette is dipped not more than 1 or 2 mm. into 

‘The following directions are for making an ordinary 50 c.mm. constriction 
pipette. A 20 to 25 cm. length of either soft glass or Pyrex tubing, 4 or 5 mm. outer 
diameter, is heated in the middle and drawndown to a diameter of 1.5 to 2mm. Thb 
fumishea material for two pipettes. 2 cm. from that point where the tube is narrowed 
(Fig. 1, a) the slender portion is further drawn down to a diameter of 0.5 to Q£ nun. 
This narrowest portion is bent 1 cm. below the 2 mm. portion (6) at an angle of about 
45° from a straight line and is cut off with a diamond point 3 or 4 mm. beloiv the bend 
(c). The upper large end is fire-poUshed. A 0.1 or 02 ml. graduated pipette is 
partially filled with water and placed horizontally on the table, a rubber tube is at- 
tached to the new pipette, its tip is touched to the tip of the graduated pipette, and 
50 c.mm. of water are sucked into the new pipette. A mark is made with the diamond 
point at the meniscus and just above this point the pipette is narrowed, for a distance 
of about 1 cm. or so (d-d), to an inner diameter of perhaps 1 to 1.5 mm., without 
thinning the wall. Once again 50 c.inm. of water are drawn in, and tfaemeniscus 
should now fa!! in this narrowportion. If it does, a new mark is made with a diamond 
point and the actual constriction is made by heating just above this mark with as 
Blender a flame as possible. Without pulling or pushing, the glass will thicken where 
the flame strikes it, and heating is continued imtil the bore is 0.1 to 0.2 mm. at its 
narrowed point (e). The constriction should be smai! enough to stop the meniscus 
from going by when moderate pressure is applied, but large enough so that undue 
pressure is not required to force the meniscus by. The opening at the tip (c) should 
be a trifle smaller than the upper constriction so that the pressure which pushes the 
meniscus past the upper constriction will not cause the pipette to deliver too rapidly. 
The delivery time for a 50 c.mm. pipette should be 3 to 5 seconds. With a little 
practice, pipettes within 1 to 2 per cent of the desired volume can easily be made. 
However, each pipette is subsequently calibrated by delivery of water into a weighing 
bottle contairung moisture and weighing on a micro balance. 
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the liquid, and by sucking, liquid is pulled to just above the constriction. 
With gentle pressure the liquid level is blown do\vn to the constriction, 
where surface tension stops the meniscus automatically. The pressure 
is not released until the tip of the pipette is removed from the remaining 
liquid. To deliver, the pressure is increased sufficiently to drive the menis- 
cus past the constriction and this pressure is maintained until delivery is 
complete (2 to 5 seconds). With smaller pipettes the tip should be suffi- 
ciently constricted (by fire polishing) so that surface tension prevents air 
from following the liquid after it is delivered, since otherwise part of the 
liquid might be spattered. During delivery, the bend in the tip is used to 
keep the lower shaft of the pipette away from the wall of the tube into 
which the sample is being delivered. This is very important, since other- 
Avise surface tension Avill cause the sample to run up the shaft of the pipette, 
and only part of the sample wdll be delivered into the tube, the rest cling- 
ing to the pipette. Similarly, the tip of the pipette must always touch a 

e j. a b 


Larger* pipette (25-JOO c.mm.) 

a e g b 

c 

Smaller* pipette (1-10 c.mm,) 

Fig. 1. Lang-Levy pipettes. See foot-note 1 


surface during delivery, since if the tip is free in the air, much of the sample 
adheres to the outside of the pipette. 

Procedure with 5 C.mm. of Serum— Serum samples (5 c.mm.) are trans- 
ferred to the bottom of 6 X 50 mm. tubes in a Avire rack. (A simple 
method for collecting small samples of serum has been previously described 
(8).) The rack is immersed in a shalloAv pan of ice Avater and to each tube 
are rapidly added 50 c.mm. of iee-cold Reagent C, AAuth a constriction 
pipette. Each tube is mixed by tapping AAuth the finger. Care is taken 

not to Avarm the tube by so doing. ^ 

The Avhole rack of tubes is noAV immersed in a Avater bath at 38° at a 
depth sufficient to cover the bottom half of the tubes. After exactly 30 
minutes the rack is again placed in the pan of ice Avater and 0.5 ml. of 0.02 
N NaOH is added to each tube AAdth sufficient force to mix the sample. 
(A syringe pipette is very convenient for this purpose.) This addition 
stops the reaction and dilutes the samples Avhich are noAv transferred to 
colorimeter tubes and read at 400 to 420 mp = Ri. 
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After the initial reading, 2 to 4 c.mm. of concentrated HCl are added 
nith a 0.1 ml. graduated pipette (drawn out tip) and a second reading, 
i?j, is made. 

Ri and Ri are converted into optical densities (— log transmission or 
2 — log per cent transmission) = Di and Dj. Then Di — Z>j = Dc, the 
corrected density. 

Standards and blanks are provided by treating 5 c.mm. volumes of the 
standards and of distilled water exactly as though they were serum samples. 
The corrected densities (D,) are used to construct a standard curve from 
which the serum values are calculated. Since sera and standards undergo 
the same dilution, it is unnecessary to take into account the exact volumes 
of the various pipettes. It is to be noted that is the density corrected 
for possible residual absorption after acid addition but is not corrected 
for the Dc of the blank analysis. This second necessary correction is 
automatically promded by the standard curve. A “millimole unit” is 
defined as the phosphatase activity w'hich will liberate 1 mxi of nitrophenol 
per liter of serum per hour. Therefore, since the standard incubation time 
is only 30 minutes, the 1, 2, 4, and 6 mii standards are equivalent to sera 
with activities of 2, 4, 8, and 12 mM units. 1 such unit is approximately 
equal to 1.8 Bodansky units (see below). For adult sera, which have low 
phosphatase activity, the volumes of serum and reagent may be doubled 
without increasing the volume of alkali; this nill nearly double the amount 
of color. 

Procedure with 20 C.mm. of Serum — Volumes of serum, reagent, and 
0.02 K NaOH are increased to 20 c.mm., 200 c.mm., and 2 ml., respectively. 
Otherwise the procedure is nearly identical with that described for 5 c.mm. 
of serum. The sample may be conveniently incubated directly in | inch 
photocolorimeter tubes. 1 drop of 5 n' HCl is added before the second read- 
ing. 

Procedure with 0.1 Ml. of Serum — Use 0.1 ml. of serum, 1 ml. of reagent, 
and 20 ml. of 0.02 x NaOH. Because of the larger volumes, the tubes 
containing 1 ml. of reagent are placed in the water bath and allowed to 
come to temperature before the addition of serum. As each serum sample 
is added, the time is noted, and exactly SO minutes later 20 ml. of NaOH 
are added. 


DISCUSSIOX 

Fig. 2 shows the differences in spectral absorption between p-nitro- 
phenyl phosphate, p-nitrophenolate, and free p-nitrophenol. It is on these 
differences in absorption that the proposed method depends. Upon 
removing the phosphate group from p-nitrophenyl phosphate to form p- 
nitrophenolate, the absorption nmimum is shifted from 310 to 400 mp and 
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is nearly doubled in height. On converting the liberated nitrophenylate 
into free nitrophenol, by acidification, the absorption ma.\imura is shifted 
back to 318 m/x and the absorption at 400 m/x is abolished. This latter 
reaction makes it possible to correct for the color contributed by the serum 
itself. 

King and Delory (3) obseiTcd that the pH optimum of phosphatase with 
p-nitrophenyl phosphate as the substrate is more alkaline than with 
glycerol phosphate. The pH optimum with human serum was found to 
be 10.0 to 10.1, under the conditions described here (uncorrected glass 
electrode pH). Since alkaline phosphatase has a sharp pH optimum, devi- 



Fig. 2. Absorption curves of p-nitrophenol and .p-nitrophenyl phosphate 

ations of more than 0.1 pH unit will affect the readings significantly. For 
rat serum the optimum pH range is from 9.1 to 9.7. It is advisable to 
check the pH of the reagent against a standard buffer in the same pH 
range, such as 0.1 M sodium borate, pH 9.2. The reagent is well buffered; 
hence there is no danger of COj from the air affecting the activity during 
the incubation, but the pH of the reagent itself should be rechecked occa- 
sionally. Since the buffer capacity is large, it is permissible in the case of 
sera having very high phosphatase to reduce the volume of serum to one- 
half or one-quarter without changing the other volumes. The phosphatase 
reagent of Bodansky (1) is less well buffered and considerably more care 
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must be exercised with it to prevent pH changes from agecting phospha- 
tase actmty. The p-nitrophenyl phosphate reagent contains added mag- 
nesium, which, however, has less effect on the activity of the phosphatase 
than in the case of glycerol phosphate. 

The degree of splitting in 30 minutes has been found to be proportional 
to the concentration of.enzj'me, but has not been found to be strictly linear 
with time for more than about 30 minutes. Therefore, it is desirable not 
to increase the period of incubation. 

The blank correction for contribution of color from the serum is based on 
the finding that serum has very nearly the same absorption at 415 mfi in 
acid as in alkaline solution. Hemoglobin, if it is present as the result of 

Table I 


Comparalice Results with Bodansky and Xitrophenyl Phosphate Procedures 


S«runi No. 

f 

Bodxniky units 

, ^Nitropbcn>l phosphate | 
ontts 

* 1 

Ratio, ^oitropheayl 
pho5phat£ to 

1 

8.36 

: 4 6$ 

1.79 

2 

j 8.sh 

4 98 

1.77 

3 j 

10.7 

5. 68 

1.83 

4 ! 


4.81 i 

1.73 



4.76 ; 

1.93 

6 1 

9.27 

4.76 ' 

1.95 

7 j 

5.60 

' 3.27 

1.71 

8 

; 7.42 

! 4.22 1 

1.76 

9 ' 

' 7.14 

1 

1.66 

10 

8.36 

, 4 99 1 

1.67 

U 

4.48 

2.41 ' 

1.S6 

12 

1 6.54 

1 3.70 

1.77 


.Average , 1.79 

Standard deviation . 0.10 


hemolysis, absorbs considerably less light at 415 than at 400 mn, which is 
one reason for preferring the longer wave-length. Hemoglobin does not 
absorb quite the same amount of light in acid and alkaline solution; hence 
excessive hemolysis should be avoided. 

Comparison with Other Methods — In Table I are shown comparative 
results of analyses of twelve children’s sera made by the Bodanskj' proce- 
dure (1) on 0.1 ml. of serum and by the method described here on 5 c.mm. of 
serum. It would appear that the Bodansky units (mg. of P liberated per 
100 ml. of serum per hour) bear a ratio of 1.79 to the mM unit of the present 
procedure (msi of substrate hydrolyzed per liter of senun per hour). We 
liave found the same ratio for adult sera, but the activities were so low that 
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accurate measurements by the Bodansky procedure were difficult to make, 
and hence a less regular correlation was found. In a personal communi- 
cation, Dr. S. H. Jackson, Children’s Hospital, Toronto, reported that the 
ratio of King-Armstrong units (mg. of phenol split from phenyl phosphate 
per 100 ml. of serum per hour) (2) to miH units is 7.3, with a variance of 8 
per cent. With rat sera we have found in agreement with Fujita (5) that 
a much Io\ver ratio is obtained. This observation deserves further in- 
vestigation. The standard deviation of replicate determinations on the 
same serum by the proposed procedure with 5 c.mm. is 0.15 mM unit. 

Huggins and Talalay (G) have recently introduced phenolphthalein 
phosphate as a phosphatase substrate. Like nitrophenyl phosphate it 



Fig. 3. Blood serum alkaline phosphatase under various dietary conditions 


can function as its own indicator. It is, however, split only 3 or 4 per cent 
as fast as the latter and the color produced is stated not to be proportional 
to the enzyme concentration, presumably because there are two phosphate 
groups attached which may both have to be removed before color develops. 

Illustrative Data — Fig. 3 gives the results of e.\periments to determine 
whether the alkaline phosphatase of human serum is influenced by the diet. 
Weil and Russell (9) observed that in the rat fasting for as little as 8 hours 
caused a marked decrease in serum alkaline phosphatase, confirming sim- 
ilar findings of Bodansky (10) for the dog. Gould (11) observed that a high 
fat diet produced an increase of 400 per cent in the alkaline phosphatase 
of rat serum. It is apparent (Fig. 3) that in the human subjects tested 
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there were no significant changes in the serum alimline phosphatase at- 
tributable to an 18 hour fast, a high protein meal, or a 40 hour period of 
very high fat intake. The blood samples were all obtained by finger punc- 
ture. Duplicate 10 c.mm. serum samples were analyzed. It seems pos- 
sible to conclude that for human phosphatase studies it is unnecessary to 
consider the immediate dietary history. 

SUSISIABT 

A method is described for the determination of serum alkaline phos- 
phatase, which permits analysis of 5 c.mm. (0.005 ml.) samples of serum 
at the rate of 50 to 100 per 2 hours. The simplicity and speed of the 
method also recommend it for macro- as well as microdeterminations, and 
for either alkaline or acid phosphatase. 
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The administration of glutamic acid to certain patients with petit mat 
epilepsy is followed fay a marked decrease in the frequency of seizures and 
by increased mental acuity (2, 3). These surprising and unexplained ob- 
servations suggest many metabolic investigations for which an accurate 
micromethod for the determination of glutamic acid in blood, tissue ex- 
tracts, and body fluids is necessary. Such a procedure is described in this 
paper; the method is based on the fact that glutamic acid reacts with nin- 
hydrin to yield (3-formylpropionic acid, the 2,4-dinitrophenylhydrazone of 
which gives in alkaline solution a reddish brown color uith a molecular 
extinction coefhclent of approidmately 28,QQQ at 4.20 raa- 

Since the 7 -carboxj'l of glutamic acid is almost inert if the ninhydrin 
reaction is carried out at pH 4.7, and quite inert at pH 2.5 (4), it may be 
expected that the formation of jS-formylpropionic acid would be quantita- 
tive, and since available evidence indicated that glutamic acid is the only 
amino acid which forms an acidic aldehyde when treated with ninhydrin 
under the proper conditions, it was hoped that a specific separation 
by extraction of the acidic dinitrophenylhydrazone of jS-formylpropionic 
acid from the neutral hydrazones derived from other amino acids could be 
easily accomplished. However, aspartic acid jnelded a hydrazone of which 
amounts corresponding to as much as half of the aspartic acid present were 
extracted from an organic solvent into aqueous buffers of weak alkalinity. 
It was necessary, therefore, to separate glutamic acid frotn the interfering 
aspartic acid before the ninhydrin reaction was carried out. This was ac- 
complished chromatographically with Wueland’s “acid” aluminum oxide. 
Glutamic acid may be eluted with 0.5 x acetic acid, whereas aspartic acid 
remains on the column (5). 

Ninhydrin forms a neutral dinitrophenylhydrazone, some of which 
might be carried mechanically into the final test solution- Alore serious 
would be interference from phenylglyoxal-o-carboxj’Iic acid (6), which is 
derived from ninhydrin in alkaline solution and would form an acidic hy- 

• This work was aided by a grant from the tVilliams-Watermaa Fund of the Re- 
search Corporation. A preliminary report has appeared elsewhere (1). 
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drazone. The removal of tlie excess of ninhydrin, made necessary by these 
considerations, was achieved through the formation of the ninhydrin- 
guanidine complex, which at the prevailing concentrations is soluble but is 
precipitated by lead acetate in alkaline solution. 

i\fter the introduction of the chromatographic separation, no inter- 
ference from other amino acids was encountered, ivith the e.xception of 
cystine and cysteine which, after reaction with ninhydrin, form acidic hy- 
drazones. However, the potential error from this source is relatively 
small and may be calculated and eliminated since the quantities of cystine 
and cysteine present may be determined by independent methods with high 
accuracy. 
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Fio. 1. Adsorption funnel 


Appai'atus — 

Spectrophotometer. The Coleman Junior clinical spectrophotometer was 
used ivith No. 6302 cuvettes, which agreed ivith each other within ±0.72 
per cent. 

Centrifuge tubes. 15 ml., graduated, and 25 ml., ungraduated. 

Glass tubes. 7 mm. outer diameter, drawn out to 1 mm. tips. 

Adsorption funnels (Fig. 1). 

Adapters for packing the aluminum oxide in the adsorption funnels by 
centrifuging. Into cork plates, of 3 cm. diameter and 1 cm. thickness, are 
bored two holes corresponding to the diameter of the stem of the adsorp- 
tion funnels. The adapter with the funnels in place is set "^n a 15 ml. 
centrifuge metal tube and the assembly is fitted into a 100 ml. centrifuge 
metal tube. 
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1 minute, the acid is decanted, and the oxide is washed with distilled water 
by decantation eight to ten times until the washings are neutral to litmus. 
“Acid” aluminum o.xide so prepared can be stored under distilled water. 

The opening of the adsorption funnel is closed with a small amount of 
glass wool, gentle suction is applied, and about G cm. of the funnel stem, 
measured from the glass wool, are filled with the oxide. After filling the 
funnel with n-ater it is centrifuged in the assembly described above for 30 
minutes at 2000 r.p..m. 

Adsorption, Washing, and Elution — ^I’he solution of glutamic and other 
amino acids is neutralized with dilute NaOhl to pH 7, with the aid of a pH 
meter or with bromothymol blue as an internal indicator, and diluted with 
water to a volume such that 1 ml. contains not more than 25 y of glutamic 
acid. (Concentrations of sodium chloride up to molar do not interfere ivith 
the adsorption and elution of glutamic acid.) Two different dilutions of 
the solution arc prepared and the three concentrations are each determined 
in duplicate. Thus, with two blank determinations, each sample analyzed 
requires a total of eight adsorption funnels. 

For each determination, 2 ml. of the solution are filtered by gravity 
through a funnel. 'When the surface of the fluid reaches a point about 
1 mm. above the oxide, 2 ml. of water are added. The filtrate and wash 
water are discarded. The elution is accomplished by passing two 2 ml. por- 
tions of 0.5 N acetic acid through the column into a 15 ml. graduated centri- 
fuge tube. 

Reaction with Ninhijdrin and Removal of Excess N inhydrin — ^To each of 
the eight tubes containing eluate, 20 ± 0.5 mg. of ninhydrin are added and 
the tubes are immersed in a boiling water bath for e.xactly 10 minutes, after 
which they are transferred to an ice bath for 2 minutes. The following 
reagents are added in the order named with an interval of 5 minutes after 
each addition: 0.4 ml. of 14 per cent guanidine carbonatej 1 ml. of 12 per 
cent lead acetate, and 0.5 ml. of 5 n NaOH. The mixtures are diluted to 
6 ml. with wmter, w'ell stirred with rods, and centrifuged for 10 minutes. 
The supernatant solutions are decanted into small test-tubes. 

Formation and Extraction of Hydrazonc — During the centrifuging, 3 ml. 
portions of a 0.1 per cent solution of 2,4-dinitrophenyIhydrazine in N HCl 
are placed in eight 100 ml. test-tubes and cooled in an ice bath. Glass 
tubes drawn to a 1 mm. tip are placed in each of the tubes and 5 ml. portions 
of the supernatants are added. The solutions are mixed by passing air 
through the tubes for about 1 second. Exactly 10 minutes later, 10 ml. 
of caprjd alcohol are added to each tube and the mixtures are agitated by 
a vigorous air stream for 1 minute. The tubes are taken from the ice bath, 
most of the aqueous phases are removed through the aeration tubes by 
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suction, the turbid capryl alcohol laj'ers are clarified by centrifuging for 5 
minutes in 15 ml. centrifuge tubes, 9 ml. aliquots of the caprji alcohol are 
pipetted into 25 ml. centrifuge tubes, and 6 ml. portions of borate buffer 
are added. The mixtures are \ngorously agitated by a stream of air for 1 
minute, and the layers are separated by centrifuging for 20 minutes. 

Daelopmenl and Reading of Color — 5 ml. portion of one of the borate 
solutions is mixed with 2 ml. of absolute ethanol in a cuvette which is then 
immersed in a water bath at 25° for 5 minutes. The solution is then well 
mixed with 1 ml. of 5 x NaOH. Exactly 2 minutes after addition of the 
alkali, the color is measured in the spectrophotometer at 420 mp against a 
blank containing 5 ml. of borate buSer, 2 ml. of absolute ethanol, and 1 ml. 
of 5 X NaOH. 

Preparation of Standard Curve and Calculation — Different amounts, up 
to 5 ml., of the working hydrazone standard solution are diluted to 5 ml. 
with borate buffer in the cuvettes of the spectrophotometer, and the color 
is developed as described in the preceding section. 

In the range of optical densities from 0.04 to 0.75 the standard curve 
approximates a straight line' expressed by the formula G ~ oOD — 0.5, 
in wMch G is the glutamic acid (in micrograms) equivalent to the quantity 
of standard taken and D is optical density. The degree of de\Tation from 
this straight line relationship is indicated by the following values: 1.7 
■y (D = 0.04), +0.3 y; 9.7 7 (D = 0.21), +0.3 y; 20 7 (D = 0.41). 0; 
3 O 7 (D = 0.604), -0.3 7; 38.1 7 (D = 0.75), -1.1 7 - 

The amount of glutamic acid present in the original sample is calculated 
from the formula, glutamic acid = 1.6 X Pc (-1 —B)~ 0.12C where .4 is the 
quantity read from the standard, B the quantity corresponding to the 
blank, and C the amount (in micrograms) of cystine + cysteine. The 
factor 1.6 is derived from the fact that three aliquots (5/6, 9/10, 5/6) are 
taken during the procedure. Fc is a constant representing the retention of 
a portion of the glutamic acid on the aluminum oxide column and the distri- 
bution of the hydrazone between capryl alcohol and the aqueous acid and 
alkaline solutions. Since each of these factors depends on definite physical 
relationships, the value of Fc for the conditions of the determination can be 
established with precision (see below) - 

Determination of Glutamic Acid in Absence of Interfering Substances — 
IVhen no interfering substances are present, the chromatographic adsorp- 
tion is omitted and the reaction with ninhydrin is carried out in 4 ml. of 
0.5 X acetic acid containing the glutamic acid. Two blanks containing 4 ml. 
of acetic acid are included in each set of determinations. In the calcula- 
tion, instead of the constant Fe, a constant F„ based on the distribution of 
the hydrazone between capryl alcohol and the aqueous solutions, is used. 
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EXPERIMENTAL 

Determination of Constants Fp and Fe — In Experiments 1 and 2 (Table I), 
amounts of di-glutamic acid varying from 5 to 50 y were carried through the 
procedure for determination in the absence of interfering substances; 
i.e., with omission of chromatographic separation. In Experiments 3 and 
4, blanks were carried through the same procedure, but hydrazone was 
added to the eapryl alcohol in quantities corresponding to 10 to 30 y of 
glutamic acid per sample. The solutions were prepared by diluting the 
stock standard solution of hydrazone with eapryl alcohol. 

In interpreting the results account must be taken of a small variation of 
the constants, up to about ±3 per cent of the mean, which we have not 
been able to control, in the results obtained with different preparations of 
reagents, particularly eapryl alcohol. In practice we purify batches of 
eapryl alcohol large enough to last about 2 months and simultaneously 

Table I 


Dclcrminalion of Fp and Fp 


Experi- 

ment 

No. 

Type o{ determination 

Ko. of 
tlelcr- 
minations 

Re- 

agents 

Glutamic 

actii 

observed 

Standard 

error 

Pp 

fe 





per eent 

per cent 



1 

Glutamic acid in pure 

21 

A 

83.4 

±0.5 1 

1.20 


n 

solution 

41 

B 

85.9 


1.16 


mm 

Recovery of hydrazone 

6 

A 

83.4 

I 

1 

1.20 


U 


1 12 

B 

86.3 


j 1.16 



Glutamic acid after chro- 

76 

A 

71.6 



1.40 


matographic separation 

19 

B 

73.7 



1.36 


all reagents, except the hydrazine solution, are renewed. The constants 
are determined in two sets of e.xperiments with each new set of reagents and 
rechecked by glutamic acid determinations about every 10 days. 

Experiments 1 and 3 were carried out with one set of reagents (A) and 
Experiments 2 and 4 with another (Reagent B). It will be seen that the 
recovery of glutamic acid and of hydrazone equivalent to glutamic acid was 
identical for each pair of experiments. This result shows that the loss of 
glutamic acid in the steps of the method after chromatography is accounted 
for entirely by the distribution factors of the hydrazone between capr 3 d 
alcohol and the acid and alkaline aqueous solutions. The conversion of 
the amino acid into the corresponding aldehyde and the formation of the 
hydrazone are quantitative. 

It would be possible to increase the yield by repeated e.xtractions of the 
hydrazone with the alkaline buffer solution from caprjd alcohol, but this 
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would complicate the procedure unnecessarily. As is shown by the small 
standard errors (Table I), the recovery, and Fp which expresses it under the 
conditions of the method, is quite constant, as would be expected since the 
magnitude of the loss depends on definite physical properties of the solu- 
tions employed. 

In Experiments 5 and 6, carried out with different sets of reagents amounts 
of df-glutamic acid varying from 5 to 50 y were carried through the entire 
procedure in the presence of other amino acids, not including cystine and 
cysteine. The over-all loss represents that just discussed plus the loss 
which occurs during chromatography. The latter appears to result mainly 
from insufficient elution rather than from incomplete adsorption. In 
experiments in which a column of aluminum oxide of the same length but 
of larger diameter was used, the recovery of glutamic acid dropped con- 
siderably. The increased quantity of oxide would be expected to favor 
adsorption and to lessen the efficiency of elution. It is probable that the 
recovery could be increased by further elution, but the larger volume of 
eluate would complicate the procedure and would offer no advantage, since 
under the conditions described the .loss is constant. The sets of reagents 
used in E-xperiments 5 and 6 were the same as in Rxperiments 1 and 2, 
respectively. When the average loss occurring in the chromatographic 
separation is calculated from these pairs of experiments, it is found to be 
e.xactly the same (14 per cent) in both experiments. The small difference 
in the Fc constants results from the effect of reagent variation in the 
recovery of the hydrazone. 

Determinalion of Glulamic Acid in Presence of Other Amino Acids and of 
Glutamine — The introduction of the chromatographic separation became 
necessary when it was found that aspartic acid produced a hydrazone 
which appeared in the final borate solution. The efficiency of this proce- 
dure in eliminating interference by aspartic acid is demonstrated in Table 
II, which also includes data obtained in experiments in which various 
amino acids were added in the proportions shown. Interference was 
observed only by the group of acids including cystine. In fifteen experi- 
ments in which the molar ratio of cystine or cysteine to glutamic acid was 
varied from 6 to 0.1, it was found that 12 A: 2.6 (standard error) per cent 
of cystine or cysteine, read as glutamic acid from the standard curve, 
appeared in the final borate solution. In one experiment without chro- 
matographic adsorption, only about 16 per cent of the cystine present was 
recovered, a result which indicates that much cystine is adsorbed on the 
column and eluted by acetic acid. 

As glutamic acid usually preponderates greatly over the two sulfur 
amino acids, a considerable error in determining the cj'stine and cysteine 
correction would represent only a small error in the glutamic acid value. 
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Attempts were made to remove cystine from mixtures with glutamic acid 
by the use of cuprous oxide, but large losses of glutamic acid occurred, 
probably referable to the large excess of cuprous oxide. Preliminary tests 
indicated that cysteic acid does not interfere in the determination, but 

T.cble II 


Interference of Atntno Acids in Determination of Glutamic /Icirf 


Amino acids added 

Glutamic acid 
to amino acid 

Glutamic acid 
in sample* 

Found 

Deviation (rom 
glutamic acid 
in sample 


molar ratio 

7 

7 

per cent 

None 


15.3 

15.8 

+3 

Aspartic acid 

1:1.5 

15.3 

15.3 

0 


1:3 

7.C 

7.6 

0 

None 


30.3 

30.8 

+2 

Aspartic acid 

1:0.85 

30.3 

30.8 

+2 


1:1.7 

15.2 

15.4 

+2 

None 


29.4 

29.4 

0 

Tyrosinet 

1:1.5 

29.4 

29.7 

+1 

None 


15.7 

15.2 

-3 

Serine 

1:8 

15.7 

15.7 

0 

None 


15.7 

15.2 

-3 

Histidinol 

1:3 

15.7 

15.6 

-1 

Hydro.vyprolinet 

1:3 

14.7 

15.4 

+5 

Prolinot 

1:3 

14.7 

15.1 

+3 

Tryptophane! 

1:3 

14.7 

15.0 

+1 

None 


30.5 

30.5 

0 

Valine, leucine, threonine, isoleuciuc 

1:1.0 

30.5 

30.5 

0 


1:3 

15.3 

15.5 

+1 

None 


14.9 

14.6 

—2 

Glycine, alanine, argininot 

1:3 

14.9 

14.6 

—2 


1:3 

14.9 

14.2 

-5 

None 


29.6 

29.8 

+1 

Methionine, phenylalanine, tyro- 

l:3 1 

29.6 

41.0 

-h38 

sine,! lysine, cystine 

l:e I 

14.8 

26.9 

-fS2 

Cystine 

1:0.75 ! 

20.5 

21.9 

-f7 

Glutaminett 

1:12.5 ' 

1 

15.0 

16.6 

+11 


* (ii-Glutamic acid hydrochloride (found, Cl 19.3S; calculated, 19.32). 
t Naturally occurring isomer. 

t We arc indebted to Dr. H. B. Vickery for a sample of glutamine. 


this approach had to be abandoned because the recovery of glutamic acid 
was decreased after oxidation of cystine to cysteic acid by bromine. 

Of particular interest is the determination of glutamic acid in the presence 
of glutamine. The last experiment of Table II shotvs that 0.9 per cent 
of the glutamine present was determined as glutamic acid in the procedure. 
In experiments in which glutamine alone in amounts up to 50 y was tested, 
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approximately 1 per cent was recovered as glutamic acid. The negli^fale 
interference of glutamine makes the determination of glutamic acid possible 
in the presence of a rather large excess of the amide (8). 

Slabilily of Hydrazone in Acid and Alkaline Solutions — Of a solution of 
approximately 30 y of hydrazone per ml. in alcohol-pjTidine, 1 ml. portions 
were added to 4 ml. portions of 1.25, 0.125, and 0.0125 x HCl in spectro- 
photometer cuvettes which were kept at 0° or at 25° for different time 
intervals. The samples were read exactly 2 minutes after the addition 
of 1 ml. of 5 N NaOH (10 K in the experiment with 1.25 x HCl). The 
results, which are presented in Fig. 2, show that under the conditions of 
the method (10 minutes at pH about 1.3, determined with the glass elec- 
trode, and 0°) the destruction does not exceed 4 per cent. 

In a similar series of experiments, 1 ml. portions of the hydrazone solu- 
tion were added to 4 ml. portions of 10 per cent sodium carbonate solution 



Fig. 2. Destruction of 2,4-diDitrophenylhydrazone of ^-formylpropionic acid in 
X, 0.1 s, and 0.01 x HCl at 0° and 25°. 


in cuvettes. After different intervals of time at 25°, 1 ml. of 5 x XaOH 
was added and the color was read exactly 2 minutes later. In other 
experiments 1 ml. of 5 x NaOH was added to each of a number of cuvettes 
containing approximately 30 7 of hydrazone in 4 ml. of borate buffer. 
The samples were kept at either 25° or 40° and read at different time 
intervals after the addition of the sodium hydro.xide solution. The reading 
at 2 minutes was taken as a base-line and the values plotted in Fig. 3 
represent percentage decreases from this point. The results (Fig. 3) show 
a rapid destruction of the hydrazone in strongly alkaline solutions and a 
slower rate of decrease in carbonate solution. There was no detectable 
change during 30 minutes in borate buffer. 

The instability of the hydrazone in the strongly alkaline solution which 
is required for the development of color necessitates rigid time and tempera- 
ture control. A 2 minute inteiwal, after addition of the alkali, and a ter.- 
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perature of 25° were selected as most convenient for a routine determina- 
tion. 

Determinalion of Qlulamic Acid in Proteins — ^Five proteins in amounts 
of 7 to 15 mg. were hydrolyzed with 1 ml. of constant boDing hydrochloric 
acid in sealed tubes at 120-125° for 24 to 28 hours (Table III). When 
cold, the content of each tube was neutralized with dilute sodium hydro.dde 
solution and diluted to 100 ml. 1 or 2 ml. portions were taken for the 
analysis. Each protein was subjected to two separate sets of analyses 
with six determinations and two blanks in each set. When less than she 
values are reported (Table III), those missing were lost by breakage of 
centrifuge tubes. 

For the casein we are indebted to Dr. M. Dunn. It is the same sample 
analyzed by Dunn and his collaborators (9) with the aid of Lactobacillus 



Fig. 3. Destruction of 2,-I-dinitropheiiylhydrazox)c of P-formylpropionic acid in 
N NaOH at 25° and 40° and in 2 n Na-COj. 

arabinosus. The lactoglobulin and egg albumin, for which we are indebted 
to Dr. R. K. Caiman, were prepared in the same way as the samples ana- 
lyzed by Cannan (11). The bovine and human serum albumin were 
supplied through the courtesj" of Dr. H. 'B. Vickery and were produced 
at the Department of Physical Chemistry, Plarvard Medical School, 
under contract with the Committee on Medical Research of the Office of 
Scientific Research and Development. 

The values (Table III) obtained in our analj'ses agree closely with 
those found with the isotope dilution method, on /3-lactoglobulin (12) 
and on bovine and human serum albumin (13). Our results are also in 
close agreement with those obtained on casein, lactoglobulin, and egg 
albumin by Hac, Snell, and Williams (10) with the microbiological method, 
and are in fair agreement with the microbiological analysis of casein by 
Dunn and his colleagues (9). Since our method does not differentiate 
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between Z- and cZ-glutamic acid, while the isotope dilution method does, 
the findings indicate that little racemization occurs during hydrolysis. 

DISCUSSIOX 

Of the two micromcthods available for the determination of glutamic 
acid, Cohen's .procedure (14), based on the conversion of glutamic acid 
into succinic acid, which is estimated enzymatically, is most accurate for 
amounts above 1 mg. The microbiological method, as carried out at’ 
present, covers a slightly higher range of glutamic acid quantities than our 
procedure. 'The chemical method described in this paper can be used to 
determine the amino acid without differentiation between its isomers, 
and maj', therefore, serve as a useful supplement to the microbiological 
procedure (10). 

The specificity of the chemical rnethod rests on different grounds from 
that of the microbiological procedure. Only substances which are adsorbed 
and eluted under the same conditions, as is glutamic acid, and which give 
an acidic hydrazone directly or after reaction with ninhydrin, can 
interfere. Glutamine is removed to the extent of 99 per cent in our method 
and therefore it is possible to determine glutamic acid in the presence of a 
considerable excess of glutamine. In the above procedures glutamine is 
determined as glutamic acid. 

SU.\IMAnY 

A method for the determination of glutamic acid in the range of 5 to 
50 7 . is described. The acid aldehyde formed from the amino acid by 
the action of ninhydrin is converted, after removal of unchanged ninhydrin 
by means of guanidine and lead acetate, into the 2,4-dinitrophenyIhy- 
drazone, which is transferred into capryl alcohol and then extracted mth 
borate buffer. The color developed after the addition of sodium hydroxide 
to the borate solution is measured in a colorimeter. 

The sj’-nthetic 2,4-dinitrophenyfhydrazone of j3-formylpropionic acid 
is used as the standard. The stability of the hydrazone in acid and alkaline 
solution decreases rapidly with increasing temperature, acidity, or alka- 
linity, but under the conditions of the method only a negligible amount 
is destroj'ed. 

Aspartic acid and cystine (or cysteine) interfere in the determination 
by formation of hydrazones which appear in the borate solution. Aspartic 
acid is removed by chromatographic analysis on aluminum o.xide on a 
micro scale and elution of glutamic acid with acetic acid. The interference 
of C 3 "stine or ej’steine is eliminated by subtraction of 12 per cent of the 
amount of these amino acids present. Glutamic acid may be determined 
in the presence of a large excess of glutamine. 
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THE aiMIJNE PROTEINS OF BOVINE COLOSTRTBI 
AND PLASMA* 

Br EMIL L. SMITHf 

(Prom the Biological Lahoralories, E. R. Squibb and Sons, iVew Brunswick) 
(Received for publication, March 29, 1946) 

The importaat role of the colostrum in the transmission of antibodies 
from mother to offspring, and particularly in the protection of the new-bom 
in ruminants to infectious disease, has been shown fay the work of many 
investigators (1). Howe has demonstrated by salt fractionation studies 
that the serum of the new-bom calf taken prior to suckling is deficient in a 
globulin traction, and that this globulin, generally associated with anti- 
bodies, aupears after the calf has ingested colostrum (2). More recent 
studies by means of the electrophoretic technique of Tiselius have shown 
that the semm of the new-bom calf contains little or no y-globulin, but that 
the alow moving globulin component appears after the feeding of colos- 
trum (3). 

Earlv work on the composition of colostrum demonstrated that the pro- 
tein content was far higher than that of milk, and that the colostrum was 
narticularly rich' in a globulin precipitable at low concentrations of salts 
such as ammonium sulfate. Crowther and Raistrick (4) separated colos- 
tnjm into the three fractions which have usually been prepared from milk; 
namely, casein, lactoglobulin, and lactalbumin. Their studies of the nitro- 
gen distribution by the Van Slyke method showed that these fractions could 
readily be differentiated from one another. 

In the present study, colostrum and the protein fractions derived from it 
have been studied electrophoretically. It was found that an electrophoreti- 
cally homogeneous globulin could be readily isolated in high yield by the 
conventional precipitation with ammonium sulfate. This lactoglobulin 
possesses all of the immune properties of colostrum and has been studied 
with a view to its characterization by physical and chemical methods. The 
immune fractions of bovine plasma have also been isolated in order to com- 
pare the properties of immune proteins foimd in different body fluids. It is 
convenient to refer to the globulins which are associated with immunity and 
found in colostnun and plasma as "immune globulins.” It is fully realized 
that the immune properties probably account for only a very small part of 
the total protein. 

* A preliminary report of this work was presented before the Thirty-seventh 
annual meeting of the American Society of Biological Chemists at .Atlantic City, 
1946 (Federation Proc., B, IM {4346)). 

t Present address. School of Medicine, University of Utah, Salt Lake City. 
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EXI'EniMEN'r^VL 

Electrophoretic studies were performed iit 1° in a Tiselius apparatus 
equipped with tlie Longswortli scanning device. Unless otherwise specified, 
the solutions were equilibrated by dialysis for at least 48 hours with a vero- 
nal (diethyl barbiturate) buffer at pH 8.4 to 8.6 and at an ionic strength 
of 0.1. 

Fractionalion of Colostrum 

In order to study the properties and quantities of the various proteins, 
the colostrum was arbitrarily separated into several fractions. 2 liters of 
colostmm collected 1 hour post partum were centrifuged thoroughly and the 
orange-colored fat layer was discarded. The colostrum (1700 cC.) was then 
diluted 4-fold with distilled water and slowly adjusted with 0.5 .m HCl to 
pH 4.5. The casein precipitate (Fraction A) was removed by filtration on 
coarse fluted paper and the solution was clarified by filtration through a 
thick layer of paper pulp. The filtrate was brought to pH 6.0 with 0.5 ii 
NaOH and successive fractions were, removed at 0.3 (Fraction B), 0.5 
(Fraction C), and 0.9 (Fraction D) saturation with ammonium sulfate. 
Fractions B, C, and D were rcdissolved in water at about 5 per cent concen- 
tration and reprecipitated within the same limits of salt concentration after 
any turbidity present at the lowpr salt concentration was first removed by 
filtration. Each of these fractions was dialyzed at 2° until salt-free and 
then dried by lyophilizing. Fraction A was redissolved with the minimum 
quantity of 0.1 it NaOH, filtered clear, and then reprecipitated at pH 4.5. 
This precipitate was washed twice with distilled water, redissolved with the 
aid of dilute alkali, and then lyophilized. 

Fig. 1 shows the electrophoretic patterns obtained with each of the four 
fractions and with the original colostrum. Table I presents the data for the 
yield of each fraction and its composition as determined from the electro- 
phoretic pattern. The components included in the vertical columns of 
Table I are not necessarily to be regarded as the same in all cases but are 
listed in that manner for tabular convenience. The separate fractions have 
been designated by the name of the principal protein which was found to be 
present in each fraction. Fractions A (casein) and D (jS-lactoglobuIin) will 
be discussed only briefly and are therefore presented first. 

Casein (Fraction A ) — It is apparent that the crude casein (Fraction A) 
is complex in nature, like that of milk, and contains at least two components 
(5). The nature of the third component has not been investigated further 
but it may be a globulin which precipitated because of the alteration in salt 
concentration on dilution of the colostrum and adjustment of the pH. The 
boundary migrating at —4.2 X 10“® sq. cm. per volt per second in the whole 
colostrum is ob.viously composite in nature and includes casein as well as 




fractions obtained between 0 and 0.3 saturation (S), between 0.3 and 0.5 (C),and 
between 0.3 and 0.9 (D) respectively. Electrophoresis was for 200 minutes in vero- 
nal buffer of pH 8.3 to 8.4 at an ionic strength of 0.1. 


Table 1 

Eleclrophorelic Composilion of Fractions from Colostrum 
These analyses were made from photographs taken after 200 miDUtes in the 
Tiselius apparatus at 1° in veronal gruffer of pH 8.3 to 8.4 at an ionic strength of 0.1. 
Mobilities are X 10”‘ sq. cm. per volt per second. The protein content of the whole 
colostrum was calculated for 1700 cc. of fat-free fluid which contained 3.23 mg. of 
protein H per ce. (protein factor = 6.4), 
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other components. It sliould be noted that electrophoresis of whole co- 
lostinun or millc has always shown differences in mobility for casein and 
^-lactoglobulin compared wdth the mobility for these same components m 
a more homogeneous state. 

P-Lacloglohulin {Fraction D ) — This is a major component of the fraction 
which is called “lactalbumin” in the older literature. As is shown in Table 
I, only a small part of the protein in colostrum was isolated by precipitation 
at high concentrations of ammonium sulfate; this is in agreement with the 
data of Crowther and Raistrick (4) and Engel and Schlag (6). We have 
found that 75 per cent of the protein in this fraction, as estimated from the 
electrophoretic pattern, is the /3-lactoglobulin originally isolated from milk 
by Palmer (7). When Fraction D was thoroughly dialyzed and adjusted to 
pH 5.2, the globulin crystallized in high yield. It possessed the crystalline 
form and other properties described by Palmer and others for this protein. 
A recrystallized sample was homogeneous on electrophoresis in veronal 
buffer at pH 8.4 and migrated with a mobility of —4.9 X 10~® sq. cm. per 
volt per second. Other preparations of crystalline /S-lactoglobulin from 
milk migrated mth mobilities of —4.9 to —5.2 X 10~® sq. cm. per volt per 
second at pH 8.4 to 8.5. 

Immune Laclogldbulin {Fractions B and C ) — ^The animals from which this 
and other samples of colostrum were obtained had been hyperimmunized. 
While the immunity of these animals is the object of a separate study by 
Dr. August Holm of these laboratories and -will be described by him else- 
where, it may be stated that the total immune activity of colostrum is 
definitely associated udth the protein of low electrophoretic mobility (—1.8 
to —2.2 X 10~® sq. cm. per volt per second at pH 8.4). Immune activity 
has not been foimd in fractions free from this protein, and conversely the 
isolated protein accounts completely for the immune properties of colostrum. 
It is convenient to refer to this protein from colostrum or milk as immime 
lactoglobulin ; this will serve to distinguish it from j8-lactoglobulin. 

The immune protein is definitely globulin in character. This is partly 
indicated by its precipitation at low concentrations of ammonium sulfate, 
but is more clearly demonstrated by its low solubility in the neighborhood 
of the isoelectric point, about pH 5.8 to 6.2, and by the marked increase in 
solubility in the presence of neutral salts. Moreover, as wdll be discussed 
below, prolonged dialysis at the isoelectric point causes a precipitation of a 
water-insoluble portion of the immune lactoglobulin. 

It is apparent from Table I that the unmune lactoglobulin is the main 
protein constituent of colostrum as determined both from the electro- 
phoretic analysis of the whole colostrum and from the composition of 
Fractions B and C. Adding the total yield of Fraction B (101 gm.) and 
85 per cent of the yield of Fraction C (96 gm.) shows that 55 per cent of 
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the original protein in the whole colostrum was isolated as the immune 
lactoglobulin, as compared with the 54 per cent found by the electrophoretic 
analysis of the whole colostrum. This surprisingly good recovery shows the 
great preponderance of this protein compared with any other present in 
colostrum. 

With other samples of colostrum obtained from different animals, it 
was found that, after removal of the casein as described above, the immune 
lactoglobulin could be obtained quantitatively from the colostrum whey 
free of other proteins determined electrophoretically. This was accom- 
plished by precipitation at 0.4 saturation with ammonium sulfate at pH 
6.0, solution in water followed by filtration, and reprecipitation at 0.4 
saturation. This operation was carried out three times in aU; the final 
precipitate was filtered, pressed free of excess sulfate between thick layers 
of filter paper, dialyzed thoroughly at 2“, and then lyophUized. From 2 
liters of colostrum obtained 1 hour post partmn, there were obtained 
1295 cc. of fat-free colostrum which contained 40.0 mg. of protein N per 
CO. or 332 gm. of protein, with the factor 6.4. Since 184 gm. of homo- 
geneous immune lactoglobulin were isolated, the yield was 55 per cent of 
the total. From this same cow, another 2 liters of colostrum obtained 
10 hours post partum gave 1620 cc. of fat-free fluid and from this there were 
obtained 230 gm. of globulin or 55 per cent of the total protein as before. 
Although this second milking contained considerably less fat than the first 
sample, the total protein content and the composition of the aqueous phase 
remained the same. However, the colostra of two other cows gave con- 
aderably smaller quantities of globulin for the second milking, the yields 
for which were 12 and 30 per cent of those obtained for the first milking. 
By the 2nd day, the composition of the colostrum begins to approach that 
of milk and the immune lactoglobulin fraction can no longer be obtained 
free of other proteins by the simple method described above. The change 
in composition from colostrum to mUk has been described in detail by 
Crowther and Raistrick (4) and Engel and Schlag (6). 

Exhaustive dialysis of the immune lactoglobulin fraction may result in 
the separation of water-insoluble and water-soluble or euglobulin and 
pseudoglobulin fractions. In only one instance was this done; for the 
other specimens the total immune globulin was used for characterization of 
these proteins. The euglobulin was separated by centrifuging; it was 
washed twice in the centrifuge with distilled water at 2“ to remove traces 
of pseudoglobulm and then suspended in water and lyophilized. The 
pseudoglobulin was diluted 4-fold with distilled water at 2^ and then 
filtered through a sterilizing pad and lyophilized. The ratio of pseudo- 
globulin to euglobulin was about 3:4. In Fig. 2 the electrophoretic 
patterns for the euglobulin and pseudoglobulin are shown. These runs 
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were carried out in veronal bufTer at pH 8.5. The pseudoglobub'n migrated 
at a slightly higher mobility than the ciiglobulin, —2.2 compared with 
— 1.9 X 10“® sq. cm. per volt per second. Immune activity was present in 
both the pseudoglobulin and euglobulin fractions. 

The above isolations have clearly demonstrated that the initial colos- 
trum is e.xtraordinarily rich in protein and that the principal protein is the 
immune lactoglobulin. For the three animals which we have studied, the 
aqueous phases contained 25.G, 20.9, and 15.-i per cent protein respectively 
and the immune lactoglobulin accounted for 55, 55, and 41 per cent of the 
total protein. 



Fig. 2. Electrophoretic patterns of immune globulin from colostrum. .1 and B, 
euglobulin after 100 and 200 minutes; C and D, pseudoglobulin aftc 100 and 200 
minutes. The runs were performed in veronal buffer of pH S.5 at an ionic 
strength of 0.1. 


Isolation of Plasma Globulins 

It has long been recognized that the colostrum or milk globulin is related 
to a serum globulm. The immunological studies of AA'clls tuid Osborne (8) 
had clearly shown this, and Crowther and Raistrick had pointed out earlier 
that lactoglobulin and scrum globulin were chemically indistinguishable 
by the methods available to them. It must be recognized that the proteins 
studied by these investigators were not homogeneous by present day 
standards. While there is no doubt of tlie relationship of the globulins 
of blood and milk, one cannot assume identity without further study. 
The plasma of hyperimmunized cows was therefore fractionated to obtain 
the components with which the immune acti\’ity is associated. It was soon 
recognized that, as in the plasma of the horse (9), the immune activity of 
bovine plasma is present in two components, y and T. Both of these 
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components could be readily isolated by the naethods elaborated by Cohn 
and his collaborators ( 10 , 11 ) for the fractionation of plasma. 

Fraction I (fibrinogen) nas precipitated at 8 per cent ethanol and pH 
7.3 at — 2 “ from the plasma. The Fraction II -f III, 'svhich contained 
most of the T and 7 components, was then removed at 25 per cent ethanol 
and pH 6.9 at — 5°. From 24 liters of plasma there ere obtained 2900 gm. 
of net Fraction II + III paste. This paste was suspended in nater and 
then fractionated by Method 3C (11) The yields of lyophUized powders 
nere 115 gm. of Fraction III-l and 100 gm. of Fraction II. 




Fig 3 Descending boundanes of electrophoretic patterns obtained mth T-globu- 
lin (J. and B) and 7-globulin (C and D), .4 and C were photographed after 100 nun- 
utea, B and D after 200 minutes The runs were performed in \eronaI buffer at 
pH S 5 to 8 6 and at an ionic strength of 0 1 

On electrophoretic analysis, it was found that reprecipitated Fraction 
II consisted entirely’ of 7 -globulin of mobility' —1.1 X 10“^ sq cm. per 
volt per second in veronal buffer of pH 8 5. Fraction III-l contained 90 
per cent T-globulin (—2 1 X lO"' sq cm. per volt per second), 9 per cent 
tr-globulin (—4 2 X 10”‘), and 1 per cent albumin (—6 5 X 10~^). A 
homogeneous T component was obtained by the following procedure. 
The dried powder was dissolved in water at 1 ° at 2 per cent concentration, 
adjusted to pH 5.2, and filtered clear The fraction insoluble in 15 per 
cent ethanol at —2° was discarded. The T fraction was then precipitated 
at 25 per cent ethanol and —5°. This precipitate was dissohed in water 
at 1 ° (2 per cent solution), and the insoluble protein remoi ed by filtration. 
The T component was precipitated at pH 6 5 and 15 per cent ethanol at 
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—2°, and was lyophilizcd. It proved to be homogeneous on elcctrophoreaa 
at pH 8.0, and had a mobility of —2.4 X 10“® sq. cm. per volt per second. 
Fig. 3 shows the electrophoretic patterns obtained with the homogeneous 
7 and T fractions. Other properties of these pretcins will be described 
below in comparison with the colostrum globulin. 

Isoelectric Points 

The purified globulins were studied clectrophoretically in the Tiselius 
apparatus with univalent bufTers at an ionic strength of 0.1 and at 1°. 



Fig. 4. Electrophoretic mobility as a function of pH for colostrum globulin, T- 
globulin, and y-globulin. All of the measurements were calculated from descending 
migrations in univalent buffers at 1°. Themobilityisinsq.cm.pervoltpersecond. 

At all pH values studied these proteins migrated as single components, 
although the patterns showed greater symmetrical spreading than would 
normally be expected for homogeneous proteins. The electrophoretic 
mobilities calculated from the data are shown in Fig. 4 as a function of the 
pH. The apparent isoelectric point of the 7-globulin is at pH 7.2, that of 
the T component at pH 6.15, and of the total immune globulin of colostrum 
at pH 5.85. For the protein from the colostrum of another animal, the 
euglobulin was found to have a higher isoelectric point, about pH 6.2, than 
the pseudoglobulin, which was at pH 6.0. It is apparent from these data 
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that the T-globulin and colostrum globulin are similar although not neces- 
sarily identical in their variation of mobility vrith pH, while the -Y-globuIin 
is distinctly different from either of these. Since the homogeneitj' of the 
plasma proteins with respect to sedimentation and solubility is still un- 
known and the colostrum immune globulin is knoxra to be a mixture, rigid 
comparisons are not possible at present. The T component does , however, 
resemble the pseudogiobulin more than it does the eugiofaulin or total 
colostnun globulin. 


Elementary Analyses 

These were performed on the preparations described above. The data 
given in Table II are for the ash and moisture-free proteins. y-Globulin 
A was obtained from slaughter-house blood of steers, while B was from 
hyperimmune cow blood. The analyses were performed by ilr. J. F. 
Alicino of The Squibb Institute for Medical R^earch. Xo phosphorus 


TAstE n 

EUmenlary Analyses of Immune Globulins 
The data are calculated in per cent for the aah- and moisture-free proteins. 


PtoUia 

c 1 

. . i 

H 

S (Dusus) 1 

s 

1 Ash 

Colostrum pseudogiobulin . . 

47.68 

7.18 

15.44 1 

i 1.08 

j O.Oo 

“ euglobulin.... . . 

48.50 ! 

7.27 

15.53 

1.09 

0.14 

Milk pseudogiobulin .i 

48.09 

7. IT 

15.63 

1.09 

0.S9 

Total colostrum globulin 



15.63 

l.OI 

0.18 

7 -Globulin A 

48.08 

7.11 

15.75 

1.05 

0.01 

" B 



15.67 

0.99 

0.18 

T-GlobuUa . 1 

51.93 

7.13 

16.01 

j 0-95 

0.31 


was detected in these proteins colorimetrically after digestion with nitric 
acid and perhydrol. 

Diffusion Constants 

These were measured in the electrophoresis cell by the method described 
by Longsworth (12) from photographs taken by the schlieren scanning 
method. Results were computed by the formula D ~ (A')/(irlH') 
where A is the area under the curve, H the maxiraum height, t the time in 
seconds', and D the diffusion constant in sq. cm, per second. 

The runs were performed in buffers of 0.1 ionic strength at 1° and cor- 
rected to water at 20®. Each run was performed in duplicate, both halves 
of the cell being used separately. From four to six photographs were taken 
at intervals from about 12 to 60 hours and the values averaged. The data 
are ^ven in Table III. For comparison with the colostrum globulins, there 
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arc includcil ineasurcinciit.s on the T- and y-globulins of the cow and the 
7 -glol)ulin of the liorsc. 'J'lie liorsc globulin was derived from antitetanus 
scrum and was elect rophorcticall^- homogeneous. 

It is apparent that, the diflV.sion constants found for the colostrum 
globulins arc of tlic same magnitude as those for the T- and y globulins and 
are in good agreement. with the re.sults of Pedersen (13) for bovine 7 -globu- 
lin who found — 3.74, 3.58. and 3.8J. Our mca.surements suggest a 
small dilTerence in Aou. for the euglobulin and pseudoglobulin, which 
may be .significant. Xcvcrthele.ss, all three bovine immune proteins are of 
appro.vimatcly the same .size, and, by analogy with similar proteins, indicate 
molecular weights in the region of JGO.OOO to 190,000. 

For the horse 7 -glol)ulin, Neurath, Cooper, and Erickson (14) found for 
their GI pseudoglobulin Aou. =.4.1 X 10~^ when their result is corrected 
for the viscosity difTcrence in water between 25° and 20°. Cohn cl al. 


T.mii.i; III 

Dijjusiim Coualants of Iiiiinunc Globulins 


Piotcin 

! ('onfcn* 
j tration j 

Buflcr 

pH 

X 10' 

Cfoloslrum 

I ficr crnl 

: 0.4 

1 

Veronal 

1 

S.45 

sf. cm. {ct sec. 

3.50 ± 0.06 

1* *. 

•( 

Cacodylate 

0.62 

3.69 ± 0.11 

“ cuglobuliii 11 


Veronal 

8.45 

3.34 ± 0.00 

‘‘ psnudogUiInilin B 

.. 1 O.S 1 

H 

' 8.40 

3.86 ±0.19 

Bovine 7 -Klobuliii 

^ I.s 1 

4f 

8.37 

3.53 ± 0.09 

“ T-sIobiilin 

' i.o ! 

i 

8.01 

3.60 ± 0.23 

Horse 7 -gIobuliii 

0.0 j 

“ 1 

8.43 

4.08 ± 0.23 

t( it 

.; 1.0 1 

“ 1 
1 

8.54 

3.7S ziz 0.04 


(15) also cite for horse 7 -globulin, Aou. = 4.1 X 10~^. Pappenheimer, 
lAindgren, and Williams (IG) obtained 4.4 X 10~^ for a purified diphtheria 
antitoxic globulin. 


Anaphylaclic Tests in Guinea Pigs 

Wells and Osborne ( 8 ) carefully reviewed the older data on the immuno- 
logical relations of the milk and plasma proteins and extended this work, 
using the milk protein preparation.s prepared by Osborne and his collabo- 
rators, They clearly differentiated by anaphyla.xi.s in guinea pigs the 
lactoglobulin from casein, lactalbumin, and the alcohol-soluble protein of 
milk, and showed that only the globulin sensitizes to beef serum or causes 
leactions in animals sensitized to beef serum. These observations have 
been confirmed with the homogeneous 7 -globulin and colostrum globulin. 

Guinea pigs weighing 300 ±10 gm. were sensitized by the intraperitoneal 
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From the work reported in this puper on colostrum, it is clear that the 
older concept of a lactalbumin fraction is not justified. Palmer showed 
that more than half of the protein in the lactalbumin fraction of milk whey 
could be obtained as a crystalline I'lobulin. Unpublished data on the 
electrophoresis of milk whey have shown that about CO per cent of the 
total protein is Palmer’s j8-lactoglobulin. It is not implied that proteins 
possessing the properties of albumins arc not present in milk or colostrum, 
but it must be emphasized that what has hitherto been called “lactalbumin” 
is not primarily an albumin at alt. The name has been used both for the 
total coagulable prote'm of milk whey, which is a comple.v mi.\ture contain- 
ing predominantly two or more globulins in addition to a large number of 
other proteins, or it has been used in referring to a “laetalbiunin fraction” 

T.\di.e IV 


Some Propcrlics of Two Globulins of Milk and Colostrum 



1 ^•Lactoglobulin 

Immune l^etoglobuHa 

Isoelectric point, pll 

5.2 

5.85 

Mol. wt 

•12,000 

Co. 160,000-190,000 

D^ia 

7.3 X I0-' 

3.6 X 10-’ 

Carbohydrate 

None 

Present 

Sulfur, % 

1.60 

1.07 

Leucine, % 

15.6 

8.9 

Valine, % 

5.83 

10.2 

Tryptophane, % 

1.9-i 

2.74 

Phenylalanine, % 

3.54 

3.6 

Dialysis at isoelectric point 

Crystals 

Insoluble euglobulin 

and soluble pseudo- 
globulin 

Precipitation with (NHil-SOj. . . , 

Co. 0.-i-0.7 saturated 

Co. 0.25-0.4 saturated 

Immune activity 

None 

Present 


which contains a wide variety of proteins in small amount in addition to 
yS-lactoglobulin. It is only necessary to recall some of the proteins isolated 
in recent years from bovine whey, i.e. a flavoprotein (xanthine o.xidase), a 
copper-protein, a peroxidase, as well as others. 

In order to show clearly the distinctive properties of the globulin whose 
isolation has been described above, some of the properties of /3-lactoglobulin 
and the immune protein are summarized in Table IV. These substances 
are readily differentiated by their size, carbohydrate content, solubility, and 
analytical composition with respect to sulfur content and the few amino 
acids for which data have been obtained on the total immune protein of 
colostrum (17). The analytical data for /3-lactoglobulin have been taken 
from the paper by Brand and his collaborators (20). 
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SUMMARY 

1 . Electrophoretic analysis and isolation have shown that the immune 
lactoglobulin is the predominant protein m bovine colostrum. This 
protein has been isolated in electrophoretically homogeneous form. 

2. The immime activity of bovine plasma is present in both T and 7 
components. Both of these have been isolated and characterized in com- 
parison with the colostrum globulin by their elementary composition, 
isoelectric points, and diffusion constants. 

3. The colostrum immune globulin and the plasma 7 -globulin have been 
shown to be quantitatively equivalent in producing anaphylaxis in guinea 
pigs. 

4. The relationship of the various immune proteins has been discussed 
and it has been pointed out that, while the colostrum globulin is closely 
related to the 7 - and T-globulins, they are not identical. The immune 
lactoglobulin of colostrum has also been shown to be easily distinguished 
from d-lactoglobulin. 
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AjMEsO acid and carbohydrate ANALY'SES of some 
EMMUXE PROTEINS* 
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{F rom the Biological Laboratories, K. R. Squibb and Sons, Xew Brunsicick) 

(Received for publication, March 29, 1916) 

la recent years it has become evident that antibodies are protein in 
nature and characteristically associated with certain fractions of plasma. 
This advance in knowledge has been acliieved mainly by the application 
of physicochemical methods such as studies in the ultracentrifuge and 
electrophoresis apparatus, and to a more limited e.Ktent bj' analysis of such 
proteins. This has been due in large part to the small quantities of 
specifically precipitated antibodies which have been available, and to the 
difficulty in obtaining these antibodies free from the antigen used for the 
precipitation, since in most cases the antigen is itself a protein or is highly 
complex in nature. However, a different approach is possible if the recentU’ 
a.pressed view is correct that antibodies are modified globulins which differ 
hum normal glob ulin s only in some specific arrangement or pattern (1). 
If this is so, analyses of homogeneous globulin fractions of the same electro- 
phoretic ipobility should j-ield identical amino acid analyses regardless of 
the amount or land of antibody specificity in the protein analyzed. How- 
ever, even if this, assumption is proved to be invalid, so few analyses are 
available for immune fractions that knowledge of the composition of these 
globulins will be valuable for the characterization of the plasma com- 
ponents of different species, and for many other purposes. .\s a result 
of isolation studies of proteins concerned nith immuni ty, we have had 
available sufficient quantities of electrophorelically homogeneous proteins 
for some analj-tical studies. This paper will deal \\ith plasma proteins 
from the horse, cow, and hunran, and with the immune lactoglobulin 
of boY-ine colostrum and milk. 

EXPERLME.NT.AL 

-Ml of tile proteins used for the present study were prepared in this 
laboratoiy. The bo\’ine proteins were those described earlier (2). The 
7-globulin preparation was derived from steer blood obtained at the 
slaughter-house; 7 -globulin B was processed from the plasma of cows hj-per- 

• A preliminary report on a part of this work was prej>enlcd before the Thirty- 
seventh annual meeting of the American Society of Biological Chemists at Atlantic 
City, 19-16 (Smith, E. L., Federation Proc., 6, 154 (1946)). 

t Present address, School of Medicine, University of Utah, Salt Lake City. 
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immunized with mixed antigens. The two 7 -globuIin preparations have 
not sliown significant difTerences in composition and will be discussed to- 
gether. The colostrum and T-globuIins were from the same hyperimmune 
animals, and the milk pseudoglobulin was obtained from normal milk. 

The human 7 -globulins were electrophoretically homogeneous proteins 
prepared by Method 9 of Oncley and his collaborators (3) from normal 
human blood. Aside from the differences in solubility and in method of 
isolation of these proteins the 11 - 1,2 globulin had an electrophoretic 
mobility of —1.2 X 10“® sq. cm. per volt per second and the II-3 globulin 
— 1.5 X 10~® as measured in veronal buffer of 0.1 ionic strength at pH 
8.5. 

The horse 7 -globulin was isolated by alcohol precipitation Method 9 
(3), and I’cpresents a II-3 fraction. It was found to be electrophoretically 
homogeneous over a wide pH range with a mobility of —1.3 at pH 8.4 in 
veronal buffer of 0.1 ionic strength. The T component was isolated by 

Table I 

Elementary Analysis of Immune Proteins 

The data arc given in per cent for the anhydrous ash-free protein. 

C H N (Dumis) 

48.15 7.18 15.97 

47.78 6.38 15.35 

49.78 7.25 15.65 

49.92 6.99 15.71 



reprecipitation from a III-l fraction by Method 3C (3). On electrophoresis 
at pH 8.4 it had a mobility of —1.7, but it showed a distinct asymmetry, 
indicating the presence of a small quantity of a more rapidly migrating 
component, probably /3-globulin. Both the 7 - and T-globulins were isolated 
from plasma containing tetanus antito.xin activity, and these globulins 
were high in antitoxic protection for guinea pigs. The immune and other 
properties of these proteins will be reported elsewhere. 

Elementary Composition — The analyses of the bovine proteins used in 
this study have already been reported (2). In Table I are presented the 
data obtained for the human and horse proteins. The values given are for 
the anhydrous ash-free proteins. These analyses were performed by Mr. 
J. F. Alicino of The Squibb Institute for Medical Kesearch. Phosphorus 
was not found in these proteins by the usual colorimetric tests after 
digestion. 

The elementary composition reveals a striking difference in the sulfur 
content of the two horse globulins and affords the first indication of a dif- 


Prolcin 

Horse 7 -globulin 

“ T-globulin 

Human 7 -globulin 11-1,2 
“ “ II-3... 
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ference in the chemical characteristics as distinguished from their physical 
and immunolo^cal properties. We have found the two human proteins 
to be very similar in their composition. Brand, KasseU, and Saidel (4) 
obtained 16.03 per cent for the nitrogen and 1.02 per cent for the sulfur 
content of a II-l fraction of human y-globulin; both these values are 2 per 
cent higher than ours. Since the proteins analyzed were prepared in som^ 
what different ways, Tve cannot be certain whether these differences are 
e.vperimental or due to variation in the proteins themselves. 

Carbohydrate Content — All of the immune proteins were found to contain 
carbohydrate. The hexose was estimated colorimetrically with, glucose as 

T-tBin II 

Carhotiydrale Content of Immune Proteins 


The analytical data given below are e.'tpressed on a dry ash-free basis. 




Hexose i 

Heiosidine 


Protein 

No. of 
deter- 
mina- 

tions 

Content 

No. of 
deter- i 
minx- 
tioas 

Content 

hexos- 
amine to 
hexose 

Colostrum euglobulin 

3 

per unt 

2.93 ± 0.18 


per uni 

1.58 ± 0.03 


“ pseudoglobuUn . . . 

3 

2.52 ± 0.13 


1.52 ±0.05 


Milk pseudoglobulin 

2 

2.96 ± 0.16 


1.45 ± 0.03 


Colostrum total globulin A 

3 

2.63 ± 0.08 


1.47 ± 0.09 


“ “ “ B 

2 

2.62 ± 0.10 


1.49 ± 0.06 


Bovine ^-globulin A. ... 

4 

2.05 ± 0.09 

4 

1.26 ± 0.05 


“ “ B.. . 

5 

2.01 ± 0.05 

3 

1.35 ± 0.10 

0.66 

Bovine T-globulin. . . 

3 

2.51 ± 0.17 

3 

1.50 ± 0.04 

0.60 

Horse -r-globulin. ... 

4 

-2.53 ± 0.17 

■■ 

1.18 ± 0.13 

0.47 

“ T-globulin... . 

3 

2.53 ifc 0.06 


1.53 ± 0.02 

0.59 

Human -y-globulin 11-1,2 

3 

2.29 ± 0.10 

n 

1.27 ± 0.09 

0.55 

“ “ II -3 

3 

2 34 ±0.10 

II 

1.23 ± 0.08 

0.53 


a standard by the orcinol method of Till man s and Philippi (5). He.xosa- 
mine was determined by the Elson and Alorgan method under the condi- 
tions specified by Palmer, Smyth, and Meyer (6). The photometric 
densities were measured at 540 mp with a Beckman spectrophotometer, with 
he.\osamine standards at three concentration levels. Standards were run 
with each set of determinations independently and these were found to 
vary in absolute extinction coefficient by about 3 per cent with fresh 
Ehrlich’s reagent. The data for the carbohydrate estimations are given in 
Table II. 

Carbohydrate has previously been reported to be present in immune 
proteins (7). Our results demonstrate that carbohydrate is universally 
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found in these proteins and that there is roughly twice as much hexose 
as hexosamine. The uncertainty in the hexose estimations is prin- 
eipally due to the selection of -a suitable standard. The colors de- 
veloped by the various proteins were found to differ Somewhat and may 
indicate that difTerent hexoscs or Jiexo.se combinations are present. In 
order to avoid the use of difTerent standards based on the problematical 
identification of these sugars by difTercnce in color or rate of color develop- 
ment, the (luantitics were estimated in terms of glucose as measured in a 
visual colorimeter. Pending the actual isolation of these sugars, we 
believe it is probably safe to assume that there is twice as much hexose as 
he.xosamine, as has already been observed for crystalline egg albumin (8). 
From the quantitative viewpoint, the estimations of he.xosamine are far 
more reliable and show definite though minor differences for several of 
these proteins. 

Tryptophane Estimations — ^Two different methods were used for the 
estimation of this amino acid, the microbiological assay described by Greene 
and Black (9) using Lactohacillus arabinosus 17-5, and the Bates (10) 
colorimetric method. The microbiological method has been shown to 
give reliable results in agreement with various colorimetric methods on a 
variety of proteins. For these assays, the proteins were hydrolyzed with 
Ba(OTI)2 and the values obtained were multiplied by 2, assuming complete 
racemization of the tiyptophane during the alkaline hj'drolysis. For the 
microbiological determination of tryptophane as well as for the other 
amino acids assayed by this procedure, values obtained for each hydrolysate 
were considered to be a single determination, although several measure- 
ments were obtained at different concentration levels. 

The Bates method possesses the advantage of permitting simple and 
rapid estimations to be made on the unliydrolyzed protein. It has recently 
been used for tryptophane determinations by Sullivan and Hess (11) w’ho 
showed for several proteins that identical results were obtained by this 
method as compared with others. Our colorimetric estimations were made 
exactly as described by Sullivan and Hess (11) with a tryptopliane standard 
prepared in the same way as the protein, and also a protein standard of 
accurately known tryptophane content. The latter technique possesses an 
advantage, inasmuch as no heterochromaticity is observed in matching the 
two samples. However, since no .significant difference in results was found 
with the two standards, all of the measurements have been averaged. 

The data for the tryptophane contents of the immune proteins are given 
in Table III. In general, the two different methods of assay give results 
in close agreement. One peculiarity is the fact that the euglobulin and 
pseudoglobulin preparations from colostrum show lower tryptophane con-, 
tent than the preparations from colostrum containing both globulins but 
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Table III 

Tryptophane Content of Immune Proteins 


The values given are for the .anhydrous ash-free proteins. 


Protein 

C 

Ko. of 
detensi- 
nations 

slonsietn'c 

Content 

Microbiolo^cal 
(2 detersinationi 
each) 

Average 



per unt 

per cent 

ptr ce%t 

Colostrum euglobulin 

4 

2.42 i 0.25 

2.36 = 0.21 

2.39 

“ pseudoglobulin 

•1 



2.27 

JElk pseudoglobulin 

2 


2.7S ± 0.04 

2.70 

Colostrum total globulin A 

5 


2.76 


" “ “ B 

3 

2.71 i 0.17 

2.9S ~ 0.04 

2.74 

Bovine 7 -globulin A 

2 


2.55 ± 0.05 


“ B 

3 

2.57 ± 0.11 

2.72 ± 0.06 

2.62 

“ . T-globulin 

3 



2.60 

Horse 7 -globulin 

4 



2.73 

“ T-globulin 

3 



2.S3 

Human 7 -gIobulin 11-1,2 

o 



2.56 

“ “ n-3 

3 



2.S1 


Table IV 

Leucine, Valine, and Phenylalanine Content of Immune Proteins 


The analytical data are given lor the anhydrous ash-free proteins. 


Protein 


Leutine 



Valine 

t 

. PIienyLiIaninc 
) delerraina- 

i tionseneb) 

1 

’ Xo of 
detcr- 
mloa' 

1 lions 

* Conicnt 1 

Xo. of 
detcr- 
Dina> 
tioos 

} Content 

i 


1 

1 per cent 1 


i per cent 

1 ter cent 

Colostrum euglobulin.. 

4 

ltO.4 i 

0.5 ' 

! 4 

!i0.4 — 1.0 

1 3.62 ~ 0.10 

“ pseudoglobulin 

4 

1 8.5 It 

0.5 

4 

: 9.1 ± 0.3 

i 3.6S ± 0.01 

Milk pteudoglobulin. . . . 

2 

i 9.6 i 

0.3 

2 

, 9.6 i 0.0 

1 3.SS ± 0.12 

Colostrum total globulin A. 

‘ 4 

i 9.3 ± 

O.G 

3 

10.2 ± 0.2 

3.79 i 0.10 

“ “ “ B 

\ 2 

1 8.0 ± 

0.3 

; 4 

;10.2 ~ 0.5 

3.57 i 0.01 

Bovine 7-gIobulin A.. 

4 

1 7.5 i 

0.3 

1 4 

• 9.6 i 1.3 

3.06 i 0.13 

“ “ B .. . . 

; 4 

: 7.2 ± 

0.2 i 

i 4 

iIO.4 i 0.3 

; 3.31 i 0.05 

T-globulin.. 

2 

! S.6 i 

0.1 

2 

■ 9.5 d: 0.5 

4.4S - 0.02 

Horse 7-gIobuIin. . 

1 4 

1 9.0 ± 

0.3 

4 

10.1 ± O S 

4.44 = 0.69 

“ T-globulin 

! 4 

! 7.5 i 

0.2 

, 4 

ilO.4 i 0.6 

4. OS i 0.05 

Human 7-globulin 11-1,2.. 

! 4 

; 9.3 ± 

0.4 

’ 4 

1 9.7 ± 0.5 

' 4.45 i 0.12 

“ “ n-3.. . 

! 4 

|9.5± 

0.0 

! 4 

1 

t 9.7 = 0.4 

; 4.69 i 0.07 


obtained from two other cows. The analysis of milk pseudoglobulin is in 
agreement with the values for the total colostrum globulin. IVe are at a 
loss to e.xplain these results e.\'cept for possible tryTloplioiie destniction 
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during prolonged dialysis in the absence of salt, which is unlikely, or a vari- 
ation in the innmine proteins of the different animals. As would normally 
be expected, the analyses for leucine, valine, and phenylalanine (Table IV) 
show that the results for the total globulin are intermediate between the 
values for the euglobulin and pscudoglobulin when these differ. We 
can only record these abnormal tryptophane values and emphasize that 
they may not be truly characteristic of these proteins. 

Leucine, Valine, and Phenylalanine Eslmalions — ^These amino acids were 
assayed by the microbiological procedure described by Schweigert, 
Meintire, Elvehjem, and Strong (12) using Lactobacillus arabinom. 
Protein hydrolysates were prepared by adding 40 cc. of 2 .m hICl to 200 to 
500 mg. of protein and autoclaving the mixture at 120° for 5 hours. After 
hydrolysis, the solutions were neutralized, made up to a definite volume, 
and compared with standards. The amino acids for the standards were 
d/-valine (Alerck), d(-phenj'lalanine (Merck), and Meucine (Merck); the 
last was sulfur-free and possessed the correct rotation for f(— )-leucine. 
As with microbiological assays for trj'ptophane, each determination 
represents a separate hydrolysate. The results are given in Table IV. 
In general, the reproducibility of these data has been good, with only a few 
of the determinations showing deviations greater than 5 per cent. 

DISCUSSION 

What is at first sight most striking about the analytical data for all of 
these proteins is the great similarity in their composition. As with other 
series qf related proteins from different species, there seem to be a funda- 
mentally similar pattern of composition and small variations within this 
pattern. As examples from the more recent literature, there may be cited 
the analyses of some crystalline proteuis of cucurbit seed (13) and the senun 
albumins of human, cow, and horse plasma (4). 

The two human proteins, which differ in solubility and electrophoretic 
mobihty, are apparently identical in elementary composition, carbohydrate, 
leucine, valine, and phenylalanine content. However, there appears to 
be a constant small difference in their content of tryptophane. Brand, 
Kassell, and Saidel (4) reported 2.86 per cent tryptophane for a human 
7 -globulin II-l preparation; this is in good agreement with our data for 
the 11-3 fraction. Brand (14) also found 9.3 per cent leucine, 9.7 per cent 
valine, and 4.6 per cent phenylalanine for the same II-l preparation. 
These values are in excellent agreement with the results reported in Tables 
III and IV and serve to establish the basic similarity of the different pro- 
teins analyzed as well as to confirm the results already obtained. 

It is known that human y-globulin has a molecular weight in the range 
between 150,000 and 180,000, and Brand has used two different figures for 
the calculated molecular weight, 171,000 (4) and 156,000 (14). It is of 
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some interest to examine the implications of our tryptophane analyses. 
Although our colorimetric and microbiological estimations for the two 
hmnan 7 -globulins differ by about 4 per cent, the difference between the 
two preparations by each analytical method is the same; namely, 0.25 
per cent. This means that, if the two proteins possess the same molecular 
weight, they differ in tryptophane content by exactly 1 residue. If the 
7 -globulins have the same number of tryptophane residues, the molecular 
weights must differ by 9000 or 10,000, depending on whether 22, 23, or 
24 is finally taken as the correct number of residues. It may be remarked 
that the difference in tryptophane content has also been detected in the 
ultraviolet absorption spectra of the two proteins (15). 

The two horse globulins show marked differences in their analyrtical 
composition. Most striking are the differences in total sulfur and in 
leucine, and a less marked although apparently real difference in phenyl- 
alanine. The two proteins are alike in tryptophane and carbohydrate 
content. It does not appear fruitful at the present time to analyze these 
differences further, since the T component is not completely homogeneous. 

It is noteworthy that the analyses of the bovine 7 -globulins from normal 
and hyperimmune blood do not reveal any significant difference. Bovine 
7 -gIobuiin differs from the T-globulin in leucine and phenylalanine content. 
It is also possible to differentiate the T-globulin from the colostrum immune 
globulin. These proteins, which have been shown to be so similar in 
electrophoretic mobility, isoelectric point, and other properties, can be 
distinguished 'with certainty on the basis of the difference in phenylalanine 
content, although other less striking differences are apparent. The 
analytical differences in these proteins are reflected in their ultraviolet 
absorption spectra (15). 

From these data, we may safely conclude that the three proteins known 
to be associated with immun e activity in the cow, 7- and T-globulins of 
plasma and colostrum globulins, possess somewhat different compositions, 
although they are closely related. Similarly, the proteins of the horse 
and human also manifest these differences to greater or lesser degree and 
may be expected to show even more variations as our knowledge is enlarged, 
although all may be e-xpected to show the same tj'pe of fundamental 
composition. 


The technical assistance of Lois Herbert, Rachel Alato, and Helen 
Zeveney in performing the microbiological assays is gratefully acknowl- 
edged. 

SUMMARY 

Amino acid and carbohydrate analj'ses have been performed on several 
immune proteins from the cow, human, and horse. While these proteins 
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show a funclamentuliy' similar constitution, sufficient variations in com- 
position have been found so that all of them may be distinguished chemi- 
cally. These proteins contain carbohydrate with an appro.x-hnate ratio 
of 2 residues of hexose to 1 of hexosamino, Tl)e moderately high tiypto- 
phane (about 2.3 to 2.9 per cent) and valine (about 9.1 to lO.-l per cent) 
contents are noteworthy. 
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THE ABSORFnON SPECTRA OF I:M:MUXE PROTEINS 
Br EMU, L. SMITH* an-d N. H. COY 
(From the Biological Lahoralories, E. R. Squibb and Sons, Xeio Brunsxcick) 
(Received for publication, March 29, 1946) 

Since the absorption spectra of simple proteins are known to depend 
on their content of the three aromatic amino acids, tyrosine, tryptophane, 
and phenylalanine, it was of interest to examine the group of purified 
inunune proteins which were available in order to determine whether dif- 
ferences in their composition could be foimd by this method. These pro- 
teins, all of which are associated with immune properties in the plasma of 
the cow, horse, and human and the colostrum of the cow, have been de- 
scribed in terms of the method of isolation employed and of their physical 
and chemical properties (1, 2). It has already been shown that, even in 
the same species, proteins of quite different composition are associated 
with immune properties. These differences are also reflected in the ab- 
sorption spectra of the proteins. 

EXPEHlilEXTAL 

The preparation and properties of the proteins used in this study have 
already been described (1,2). For measurement of the absorption spectra, 
the proteins were dissolved in 0.15 ii NaCl, adjusted with 0.1 ii NaOH to 
pH 7.0 ± 0.3, and then made up to a definite volume. The protein con- 
centrations were calculated on an ash- and moisture-free basis, and checked 
by nitrogen determinations. The measurements were made at room tem- 
peratrue with a Beckman spectrophotometer having a hydrogen lamp as 
light source. 

The absorption spectra of the proteins studied are shown in Figs. 1 and 
2. Since all of these proteins have been shown to contain tjTOsine, trypto- 
phane, and phenylalanine,* the typical protein absorption band with a 
broad maximimi at about 2S0 m^ was to be e.xpected. No e\'idence was 
found for the presence of groups that absorb light in the visible or ultra- 
violet regions of the spectnun other than those of the three aromatic amino 
acids. 

The two human y-globulin fractions have already' been shown to differ 
slightly in their content of tryptophane, 2.81 per cent for the 11-3 and 2.56 
for the ll-l fraction. Interestingly enough, this difference is shown in the 

‘Present address. School of Medicine, University of Utah, Salt Lake City. 

* .\11 of these proteins have been analyzed for tryptophane and phenylalanine (2). 
and tyrosine has been qualitatively demonstrated (unpublished observations) 
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two absorption spectra (Fig. 1). The two horse serum proteins, which are 
quite dissimilar in composition and other properties, show this in their 
absorption curves only in the extinction coefficients and not in the char- 
acter of the curves. 

The most striking differences have been found for the bovine proteins 
(Fig. 2). The T component is clearly and radically different in its spectrum 
from either the y-globulin or the colostrum proteins. Since the absorption 
band in the region 240 to 250 m/i is attributed mainly to phenylalanine 
(3, 4), the steep end-absorption of the T-globulin indicates a higher phenyl- 
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Fig. 1. Ultraviolet absorption spectra of horse and human immune globulins 


alanine content than the other proteins. This conclusion is supported 
by the analytical results, since the preparation contains 4.5 per cent com- 
pared tvith 3.2 per cent for the 7 -gIobulin, and 3.7 per cent for the colostrum 
globulins. The large differences in extinction coefficients for the total 
compared with the pseudoglobulin and euglobulin fractions from other 
animals are to be expected from the earlier finding of differences in trypto- 
phane content. 

Coulter, Stone, and Kabat (4) compared the ultraviolet absorption curves 
of horse pseudo- and euglobulins with pneumococcus Type I antibody 
prepared by the method of Felton. They found that the antibody re- 




E. L. SMITH AIO) N. H. COY 


369 


sembled the aonnal pseudoglobulin but showed some characteristic 
differences. Since the sulfate precipitation method used by these investi- 
gators for the preparation of the horse globulins is now known to yield 
mixtures of a-, (3-, and y-globulins (5), their results cannot be regarded as 
evidence of a difference between the antibody and normal globulin. This 
is likewise true for all of the earlier comparative analyses of normal and 
immune proteins. Such data are valid only when completely homogeneous 
preparations of the same globulin fraction from normal and hyperimmune 



Fig. 2. Ultraviolet absorption spectra of bovine immune globulins 

animals are compared. The present results have clearly shown large 
differences between the different globulin fractions associated ivith 
immunity in the same species, and have failed to indicate significant differ- 
ences in the composition of bovine 7-globulin3 from normal and hyper- 
immune plasmas (2). 


SUMM.UIY 

The ultraviolet absorption spectra of electrophoretically homogeneous 
proteins associated with immuni ty from the horse, cow, and human have 
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been measured. No evidence was found for the presence of light-absorbing 
groups otiier tlian the tliree aromatic amino acids, phenyialanine, tyrosine, 
and tryptophane. Tire difTcrcncc.s in. spectra measured for these proteins 
are readily accounted for in terms of their content of these amino acids. 
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EXPEREVIENTALLY INDUCED CHANGES IN THE 
PROTHROMBIN LEVEL OF THE BLOOD 


III. PROTHROMBIX COMCEXTRATION OF NEW-BORX PUPS OF A 
MOTHER GIVEN’ DICUMAROL BEFORE P.ARTURITIOX* 

By AIULAXD J. QUICK 

(F rom the Department of Biochemistry, Marquette U nirersit’j School of Medicine, 

Mihcaukee) 

(Received for publication, March 27, 1946) 

Little is known concerning the basic causes that govern the organism's 
susceptibility to dicumarol.*. In an attempt to seek new information on 
this question, the effect of the drug on new-born pups was investigated. 
Schofield (2) recognized that the new-born were much more highly sus- 
ceptible to toxic sweet clover hay than were mature animals. He cites the 
case of a calf (born of a cow fed spoiled sweet clover haj*) that developed 
within a few hours tj-pical symptoms and died while the mother remained 
well. Roderick and Schalk (3) record a similar instance; the calf was 
strong and vigorous at birth but the ne.xt day was dull and had a puffy 
swelling above the left hock. Death occurred 28 hours after birth. The 
mother was continued on sweet clover hay for 7 weeks without signs of 
hemorrhage. 

These studies were carried out before quantitative methods for the 
determination of prothrombin were developed. It seemed desirable to 
reinvestigate this problem by using dicumarol instead of to.xic sweet clover 
hay with the particular objective of comparing the prothrombin level of 
the new-born with that of the maternal organism. 

EIXPERniEST.VL 

Dogs were selected since new-born pups are sufficiently large to permit 
taking daily samples of blood. The pregnant dog was fed dicumarol daily 
during the last week of gestation. Blood from the pups was obtained from 
the external jugular vein. The prothrombin was determined by the 
writer’^ method (4). Analyses were carried out immediately after the 
blood was collected. 


DISCU.SSIO.\' 

Before studying the effect of dicumarol on the new-born pups, it was 
necessarj- to ascertain whether the prothrombin was normally diminished at 

* -4 preliminary abstract has appeared {Federation Proe., 4, 101 (1945)). 

'The trade name for 3,3'-methyIenebi3(4-hydro.\ycoumarin), the to»c principle 
which Stalimann, Huebner, and Link (1) isolated from spoiled sweet clover hay. 
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birth. Link (5) has remarked that the young of dogs and rats show a hypo- 
prothrombinemia during the first few days of life. The results recorded in 
Table I confirm his statement. The prothrombin concentration of six pups 
was ‘10 to 45 per cent of normal several hours after birth and became normal 
in about ‘IS hours. 

In these determinations, dilution of plasma was found unnecessary. In 
fact, it was observed that plasma diluted with saline showed an abnormally 
delayed prothrombin time compared with the sample diluted ;vith plasma 
treated with aluminum hydroxide. This suggests that dilution by dis- 
turbing the physicochemical equilibrium may cause an appreciable error in 
the determination of prothrombin. 

From a practical view this hypoprothrombincmia is insignificant, since 
these pups still had twice as much prothrombin as is found in normal human 


Table*! 

Prolhrombtn Time of New-Born Pups 


Pup No. 

Weight 

Prothrombin lime 

6 hrs.* 

24 his. 

4S hcs. 


gm. 

«e. 

stc. 

sec. 

1 

290 

7.5 (45) 

7 (50) 


2 

275 

7.5 (45) 

7.5 (45) 


3 

297 


6.5 (75) 

6 (100) 

4 

305 


7.5 (45) 

6.5 (75) 

5 

265 

7.5 (45) 


6.3 (85) 

6 

255 

7.5 (45) 


6 (100) 

Mother 

7000 



6 (100) 


The figures in parentlieses arc the prothrombin concentrations in per cent of 
normal. 


* After birth. 

blood. A hemorrhagic disease of the new-born in pups comparable to the 
human disease is inconceivable. Physiologically, however, this temporary 
reduction in prothrombin is of special interest. Since the prothrombin of 
the mother was normal, it is logical to conclude that the pups in utero manu- 
facture their own prothrombin. It seems justifiable to assume that the 
fetal organism receives relatively as much vitamin K as the maternal. The 
reduced concentration at birth is therefore probably due to the higher 
metabolic demands of the fetus for prothrombin. Apparently the amount 
of vitamin K is inadequate to bring the prothrombin to the normal level 
until 48 hours or more after birth. Whether this restoration of the pro- 
thrombin concentration is due to the vitamin K content of the milk or to 
the establishment of the bacterial flora in the intestines of the pups is a 
question that requires further study. 
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The pups bom of a mother fed dicumarol have a prothrombin concentra- 
tion strikingly lower than that of the mother. From the data of Table 
n, it will be seen that while the prothrombin time of the maternal blood 
was 12 seconds (15 per cent of normal) that of the pups varied from 48 to 75 
seconds, which indicates a prothrombin concentration of 1 per cent or less. 
The results of Table III are even more striking. The blood of the pups 
taken about 1 hour after birth showed a prothrombin time of 100 to 240 
seconds, which is less than 0.5 per cent of normal- Thematemal prothrom- 
bin time was 21 seconds, which is 4 per cent of normal. In 24 hours a 
further drastic drop in prothrombin occurred in the pups, while in the 
mother the level remained the same. At this time three of the pups were 


Table II 


Prolhromhin Time of Pups Bom of Mother Fed Dicumarol 




Pro thrombin time 







9th day 

IQth day 


ia. 


su. 

sec. 

sec. 

sec. 

sec. 

sec. 

su. 

1 

360 

48 (1) 

27 (4) 

t 1 

22 (5) 

7.5 (45) 

9 (30) 

7.5 (45) 

6.3 (75) 

2 

2S0 

52 (1) 

31 (3) 


27 (4) 


9 (30) 

7.5 (45) 

6.5 (75) 

3 

350 


36 (2) 


25 (4) 

9.5 (25) 

10 (23) 



4 

370 



33 (3) 

26 (4) 


8.5 (35) 

7.5 (45) 

6.5 (75) 

5 

375 


26 (4) 


21 (5) 

8 (40) 

8.5 (35) 



6 

310 

75 (1) 


34 (2) 

28 (3) 





7 

315 

72 (1) 



21 (5) 

8.5 (35) 

EESil 

6.5 (75) 


Motherf 

SOOO 

12 (15) 

12 (15) 

18 (7) 


8.5 (35) 

13 (13) 

18 (7) 

21 (5) 


The figures in parentheses are the prothrombin concentrations in per cent of 
normal. 

• On the 3rd day Pups 1, 2, and 3 received 2.5 mg. of synkayvite (Hoffmann-La 
Hoche) orally and Pups 6 and 7 were given 25 mg. of ascorbic acid, 
t On the 7th day the mother received 120 mg. of dicumarol orally. 

1 30 mg. of dicumarol were given daily for 4 days before parturition. 


given synthetic vitamin K* by mouth and intravenously. The following 
day the prothrombin was slightly elevated in the treated animals , while 
the untreated pups were dead. Out of a litter of seven four died of hemor- 
rhage. In three the abdomen was filled with blood, while in the fourth 
there was intramuscular bleeding but not enough to accoimt for the drastic 
anemia observed. Obviousli' the fetal and the new-born organisms are 
more susceptible than the maternal, since the concentration of dicumarol 

* The compounds used were menadione which is 2 -methyl-l, 4-naphthoquinone, 
and synkayvite (Hoffmann-La Roche) which is 2 -metbyl-l, 4 -naphthohydroquinone 
diphosphoric acid ester tetrasodium salt. The latter compound was kindly fur- 
nished Hoffmann-La Roche, Inc., Nutley, New Jersey. 
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whif-'h michas tlio foHis is oortainly not greater than that circulating in the 
mother’s blood. 

The effect of .synthetic vitamin K in counteracting the hypoprothrombin- 
cmia induced by dicumarol i.s difficult to demonstrate either in pups or adult 
dogs. While it is true that only the j)U])S that received vitamin K {in the 
litter recorded in Table Ilf) survived, more extemsive studies arc needed, 
sUice this result may have been accidental. The findings recorded in Table 
II, as well as unpublislied data, fail to demonstrate an}' marked effect of 
vitamin K to counteract the action of dicumarol in dogs. 

T.uiLi; III 


Severe II ypoprothrombincmia in New-Uorn Pupa from Mother with Only Mild 
lieduction of Prothrombin Induced by Dicumarol 


Pa(» No. 

U'ci’kIi*. 

prothrombin lime 

0 cUy" 

1 st <by[ 

2ntl diy 






A'w. 


XU. 

XU. 

stc. 

see. 



I 

210 


1200 

§ 





2 

210 

MO 

210 

■15 

17.0 

0.5 

0 

0 

3 

250 

210 

330 

•12 

IS 

7.5 

6 

7 

•1 

200 


330 

ISO 

SO 

10 

6 

7 

5 

210 

100 

•100 

§ 





0 

295 

210 

§ 






/ 

2-10 

ISO 

§ 






Mothorjl 

(loot) 

21 

21 


/ 

6 

6 

11 


* .-Xppro.N'imately 1 hour after birth. 

t On the ist Jay Pujjs 2, 3, ami -I received 2 mg. of synkayvite intravenously aud 
1.5 nig. orally. 

t On the Sth day, GO mg. of dicumarol were given intr.avcnously to the mother. 
Pup 2 was removed from the mother and was not allowed to nurse. 

§ Died of hemorrhage. 

ji 26 mg. of (lieumarol weie given orally during the last 4 days of gestation. 

A small amount ef dicumarol appears in the milk, since the prothrombin 
is diminished after suckling when the mother is fed dicumarol. This is 
demonstrated by results recorded in Tables II and III. The effect on the 
prothrombin is not striking and probably of no practical significance but is 
interesting since it shows that a small amount of the drug passes into the 
milk. Field ((i) has recorded similar observation.s. 

The sensitivity of the new-boni pup to dicimiarol can also be dcnion- 
stiYiied by adniiui.stcring it directly. The effect of injecting 5 mg. per kilo 
of body weight into 20 day-old pups is recorded in Table TV. It will be 
observed that the fall of prothrombin is more precipitous and the depression 
much more prolonged than in adult dogs. In 24 hours the prothrombin 
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dropped from 100 to 7 to 10 per cent and in 48 hours to about 1 per cent 
and remained at this low level for 3 days, whereas in the mature dog, the 
lowest concentration of prothrombin was 5 per cent and a marked im- 
provement appeared on the 4th day. 

The greater susceptibility of the new-born pup to dicumarol is probably 
due to the rapid consumption of prothrombin by the organism. If it is 
assumed that dicumarol acts by blocking the enzymatic mechanism that 
synthesizes prothrombin, presumably bj' replacing vitamin K, the produc- 
tion of prothrombin begins to di'op as soon as dicumarol reaches the liver 
and enters the cells responsible for the sjTithcsis. The more prothrombin 
consumed, the faster is the blocking of the mechanism, and therefore the 
more precipitous the fall of prothrombin and the more pronoimeeil the 
depression of the level. 


Tjible IV 

Effect of Dicumarol on Prothrombin Time of Yonmj Pups (30 Days Old) 
o mg. of dicumarol per kilo of body weight w.^re given intr.ivcaously. 


Pup No. 

1 

Weight 1 

j Proihrombm lime 


0 day 

1 1st day 

1 2ndda> 

1 3rd day 

4 tb day 

' Jtb dsy 1 

1 /tb day | 

1 tOtb day 


f«. 

1 

1 

tee. 

1 

tee 

.V.- j 

«.• 1 

see. 

1 

710 

6 

13 

' 40 

, -45 

45 

23 ' 

11 i 

6 

2 

830 

6 

17 1 

51 

so 

42 

31 ' 

13 ' 

C 

3 

780 

6 

16 

39 


* 




4 

885 

6 

IS 

46 

-15 

33 

19 , 

'J 

0 

0 

600 

6 

IS 

[ 30 

3.3 

62 

16 

" 1 

6 

c 

739 

6 


, 50 

. 53 


31 

15 

6 

Adult dog 

6000 

1 « 

1 

1 17 

• 21 

10 

9 

6 ' 



* Died of internal hemorrhage. 


In spite of the low prothrombin level observed in thc.^e pups, only a few 
died of hemorrhage. In all but one that died the cause w as massive intra- 
abdominal hemorrhage. It was not pos.sible to find the point of bleeding. 
The fatal bleeding observed in Pup 3 of Table I\' w;is presumably due to 
trauma. One of the pups of that litter accidentally fell from a laboratory 
desk to the floor. Unfortunately no record was made immediately, but on 
the basis of memorj' it appeared to have been Pup 3. .Animals as well a' 
man often may have a low prothrombin level for a considerable period of 
tune but may not show anj' tendency to abnormal bleeding as long ;is they 
are protected from injury. 

The results recorded in this paper have clinical signific;mce. .Since the 
new-bom baby even normally tends to have a marked hypoprothrombui- 
emia, it seems logical to surmise that dicumarol would further drastically 
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reduce the level. The adminiatration of dicumarol to a pregnant woman 
can therefore be considered to be strictly contraindicated. It is probably 
quite safe, however, to give a nursing mother dicumarol, since the amount 
secreted into the milk is too small to affect significantly the prothrombin of 
the baby. 


aU.MMAUY 

1. The prothrombin level of pups is reduced at birth but becomes normal 
within the first few days of life. 

2. The pups born of a mother fed dicumarol show a much greater reduc- 
tion of the prothrombin concentration of the blood than that of the ma- 
ternal organism. 

3. Pups are more susceptible to dicumarol than are adult dogs. 

4f The results of this study indicate that the use of dicumarol in a preg- 
nant woman is strictly contraindicated. 
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A TRACER STUDY OF IRON METABOLISM WITH 
RADIOACTIVE IRON 

I. METHODS: ABSORPTION AND EXCRETION OF IRON 

Bt D. HAROLD COPP* axd DAVID M. GREENBERG 
(From the Division of Biochemislry, University of California Medical School, Berkeley) 

(Received for publication, April 1, 1946) 

The metabolism of iron is one of the most important subjects in the field 
of mineral metabolism. There have been numerous investigations of its 
problems, but imtil recently they have been seriously limited by the 
methods of study available. The production of radioactive isotopes of 
iron (1, 2) provided a new research tool which has proved of great value in 
the investigation of this field. Iron labeled with radioactive isotope may 
be distinguished from the iron oti^nally present in the body, and so the 
fate of a given dose of radioiron* may be determined with some precision. 

Previous work with radioiro'n in the rat (3) and in dogs (4) and hu man s 
(5) was handicapped by the low specific activity of the preparations of the 
radioactive isotope, Fe*^ which were hitherto available. This necessi- 
tated the use of masdve doses of iron beyond the normal physiological 
limits. 

In the present work, use was made of the radioactive isotope Fe“, 
which is prepared in the cyclotron by bombardment of manganese with 
deuterons.* Since the only contamination with inert iron is that oc- 
casioned by traces of iron in the manganese probe, this isotope may be 
prepared with a very high specific activity. This made possible the use 
of very sm.all doses (0.05 mg.) approaching tracer levels. These tracer 
doses were administered to rats by stomach tube or by injection, and studies 
were made of the absorption, excretion, storage, utilization, and distribu- 
tion of iron imder certain experimental conditions. 

Methods 

Preparation of Radioactive Iron — The radioactive isotope Fe“ was pre- 
pared by deuteron bombardment (d, 2n) of a manganese probe in the cyclo- 
tron.’ The Fe“ produced decays by K electron capture with a half life 

* The material of this paper was taken from a thesis submitted by D. H. Copp 
to the Graduate Division of the University of California in partial fulfilment of the 
requirement of the degree of Doctor of Philosophy, June, 1943. 

* Iron labeled by its content of radioactive isotope will be referred to as radioiron, 
or by the symbol Fe*. 

’ Kamen, M. D., personal communication. 
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of approximately 4 years. It emits u soft 7 -ray and very soft conversion 
electrons. 

Scrapings from the manganese probe wore dissolved in G .ai HCl and 
diluted to 1 ai HCl. The coiipcr present was prccijiitated with hydrogen 
sulfide and removed. Small amounts of non-radioactivo Mn, Co, Zn, and 
phosphate Avere added as carriera to assist in removing any radioactive 
isotopes of these elements which might be present. A few mg. of iron 
Avere also added before the first precipitation, since only traces of iron Avere 
present in the probe. The iron aa'us then precipitated from a chilled 
solution in 1 At HCl Avith u chilled G per cent aqueous solution of cupferron 
fG). This compound precipitates iron in the presence of dilute acid, 
leaving in solution the Mn, Co, Zn, and phosphate Avhich might be radio- 
active contaminants of the target. The cupferron precipitate Avas ashed 
and dissolved in acid. Mtcr repeating this procedure four times, no radio- 
active contaminants could be detected in the filtrate, and the identity of 
the Fe“ was further confirmed by the characteristic absorption of its 
Aveak radiation. 

The Fe* Avas prepared for administration in neutral isotonic saline as 
ferric citrate, or iron ammonium citrate. The solution assayed 0.05 mg. 
of Fe per ml., Avith a specific actmty of appro.ximately 1 to 5 microcuries 
per mg. The dose administered Avas 1 ml. per rat. 

Dietary Regimens — ^Rats Avere rendered iron-deficient by a modification 
of the procedure of Harris (7). They Avere Aveaned at 3 weeks to a diet of 
poAvdered Avhole milk supplemented Avith 5 mg. of thiamine chloride, 5 mg. 
of pyridoxine, aiid 50 mg. of calcium pantothenate per kilo. The diet 
assayed 5 parts per million of copper,’ so that it could not be considered 
deficient in this element. This may account for the absence of the usual 
signs of copper deficiency in these animals. They Avere kept in glass 
cages Avith perforated aluminum floors, and Avere supplied AAith redistilled 
Avater ad libitum. When the radioactive iron.Avas administered 5 Aveeks 
later, the level of blood hemoglobin AA'as less than half that of the control 
animals. 

Rats Aveaned to the regular stock colony diet served as controls. Both 
groups Avere about 2 months old and still rapidly growing Avhen the dose 
of Fe* Avas given. Later, expeiiments Avere conducted on 6 month-old 
adult female rats Avhich had been reared and maintained on the stock diet, 
and Avhich had ceased groAving. 

Viviperfusion — Because of the very liigh concentration of iron in the 
hemoglobin of blood, it is important that the tissues be completely freed 
of blood before iron analyses are carried out. This is most effectively 
accomplished by viviperfusion, a procedure Avhereby the living animal is 

’ Copper was assayed by the dithizone method through the kindness of Dr. D. I. 
Arnon, Division of Plant Nutrition, University of California, Berkeley. 
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perfused with a solution approximating the composition of blood serum 
until the blood is almost completely replaced by this fluid. 

Whipple (8) first stressed the value of viviperiusion in obtaining reliable 
analyses of iron in tissues, and described a technique for dogs. A method 
for use in the rat is given by Austoni, Rabino-vitch. and Greenberg (9). 
A simplification of this latter method was developed for the present in- 
vestigation. It may easily be carried out on any small animal and should 
prove of value whenever it is desirable to obtain tissues free from blood. 

The essential apparatus consists of a burette filled with perfusion fluid 
warmed to 50°. A modified Tyrode’s solution of the following percentage, 
composition may be used: IfaCl 0.80, KCl 0.02, CaCli 0.02, MgCh 0.01 
NaHjPOi 0.005, IsaHCOj 0.10, and glucose 0.10. The last ttvo com- 
ponents are added just before use. 

The rat is anesthetized with nembutal (4 mg. per 100 gm. of body weight) 
injected intraperitoneally. It is tied to an operating board, the abdomen 
is opened, and the inferior vena cava is e.\pased. A large bore needle (18 
gage) is inserted in the vein, and a blood sample withdrawn for determina- 
tion of blood hemoglobin, total iron, and radioiron. With the needle in 
place, the syringe is detached and its place is taken by the barrel of a tuber- 
culin syringe connected by fle.xible rubber tubing to the tip of the burette, 
so that warm perfusion fluid flows directly through the needle into the 
vein. The needle is ligated in place and the abdomen is closed with clamps. 
The jugular veins in the neck are next dissected out and opened so that the 
perfusion fluid flowing into the inferior vena cava may flush out the right 
auricle and escape with the blood from the. jugulars. The veins in the legs 
are also opened. The animals usually survnve from 20 to 40 minutes. 
At death, the lungs should be white, the liver a light fawm color, and the 
heart should be full of clear fluid. Presence of clear fluid in the portal 
vein is a good indication of complete perfusion. Occasionally, when this 
fluid is tinged with blood, it may be necessary to perfuse the liver directlj' 
through the portal vein to clear it completely of blood. 

The organs were dissected out with bright chrome scissors and wet- 
ashed. The blood sample was corrected for total blood weight from the 
figures given by Donaldson for the rat (10). Muscle stripped from the 
hind limbs was similarb' corrected. Red bone marrow samples (50 to 100 
mg.) were obtained by splitting the femurs and tibias and scraping the 
marrow cavity. 

The perfused tissues of a series of normal and iron-deficient rats were 
determined. The residts are given in Table I. These values show reason- 
able agreement with those obtained by Austoni, Rabinoritch. and Green- 
berg for rats (9) and by Bogniard and \\hipple for dogs (11). 

Ashing Procedure — ^To avoid the considerable loss of iron which niaj' 
occur when tissue samples containing chloride are dry-ashed (12), tissue 
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and excreta samples were wet-ashed in small Erlenmeyer flasks by adding 
successive portions of concentrated HNO3 and cooking to dryness on a 
hot-plate. 5 to 50 ml. of PINOs were usually adequate for complete diges- 
tion. A few drops of supcroxol aided the process. The total iron in 
each sample was corrected by subtracting the iron in the acid used for 
ashing. 

The great bulk of the carcass made wet ashing inconvenient. It was 
accordingly dry-ashed at dull red heat to minimize iron loss. Despite this 
precaution, the recovery of Fo* from the carcass was often less than that 
calculated from its blood and muscle content, suggesting a loss of volatile 
iron during ashing. 

The ash was dissolved in 1 m HCl, made to volume, and aliquots were 
taken for determination of total iron and radioactive iron. 


T.\di.e I 

Iron Content* of Tissues of Normal and Iron-Deficient Animals Freed of 
Blood by Viuipcrfusion 



Normal raUt 

Iron-depleted ratsf 

No. of 
iamplc5 




Body weight, gm 

2-1 

125 d: 8 

24 

114 d: 14 

Blood Hb, gm. per 100 ml 

24 

14.1 i: 1.1 

21 

6.4 d: 1.3 

Blood* 

2i 

44.5 d: 3.2 

21 

20.1 d: 4.2 

Liver* 

19 

8.3 d: 4.0 

19 

2.8 d: 0.8 

Spleen* 

23 

32.7 d: 14.0 

24 

12.2 d: 3.8 

Bone marrow* 

20 

21.3 d: 7.2 

12 

12.0 d: 3.5 

Skeletal muscle* 

14 

1.4 d: 0.4 

22 

0.9 d: 0.3 


* Iron content is expressed as mg. of Fe per 100 gm. of fresh tissue, 
t The figures given are the mean values ± the standard deviation. 


Determination of Total Iron-— The total iron tyas determined on an aliquot 
from each sample by the o-phenanthroline colorimetric method described 
by Saywell and Cunningham (13) and critically reviewed by Fortune and 
Mellon (14). Colorimetric readings tvere made with a lOett-Summerson 
photoelectric colorimeter with green Filter 54. This instrument was also 
used for the determination of hemoglobin by the acid hematin method. 

Determination of Radioactive Iron — So soft is the radiation of Fe** that the 
count on a sample is reduced to half by as little as 10 mg. of ash per sq. 
cm. This difficulty -was overcome by electroplating the iron in a thin 
layer for which the absorption of radiation was nil. The method used was 
a simplified adaptation of that described by Hahn, Bale, and Balfour (15) 
and by Ross and Chapin (16). The apparatus is shown in Fig. 1. Seam- 
less tin ointment capsules serve as electrolytic cells. The capsules are 
held in place on a rack with steel paper clips. These are connected to the 
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negative terminal of a source of 110 volts n.c., so that the metal bottom 
of the ointment capsule becomes the cathode on which the iron is deposited. 
A platinum anode in the center of the capsule is connected through a 15 
watt lamp resistance to the other terminal. 

The iron sample, or an aliquot, is pipetted into the capsule, and 1 ml. 
of plating solution is added. This solution, adapted from that used by 
Hahn et al. (15) is made up in distilled water ndth the following percentage 
composition: ferric citrate 1.1 (= 2 mg. of Fe per ml.), sodium citrate 
25.0, ammonium chloride 12.5. The plating is carried out for 5 hours, an 
additional 1 ml. of plating solution being added as carrier at half time. 
The solution in the capsule at the end of the process should give little or 
no iron color with thiocyanate. The capsules are rinsed, dried and the 



Fig. I. Apparatus for electroplating of radioactive iron 


radioiron determined. Since the radiations from Fe“ are too weak to 
register on the usual metal or glass Geiger counter tubes, use was made 
of the thin mica )\-indow counter tube described bj' Copp and Greenbers 
(17). 

In ten trials in which standard amounts of Fe* were added to solutions 
of tissue ash, the recoverj' by the above method was 99.7 ± l.S per cent. 
When considerable quantities of calcium were present (as in the ash from 
carcass or feces) precipitation of calcium salts interfered )vith the plating. 
To avoid this, the calcium was first precipitated ivith potassium o.'calate 
at pH 4, and the precipitate was filtered off. When this was done, the re- 
covery was comparable to that with other tissues. 

The recovery of the administered Fe* was determined by adding the 
values for the individual tissues, excreta, and residual carcass, and was 
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found to be 80 to 90 per cent of the administered dose. Some of the reasons 
for failure to obtain complete recovery have been mentioned by Hahn 
ct al. (4). Much of the difficulty may be due to loss of iron during dry ash- 
ing of the carcass. 


E.KeKIlI.ME.NTAn 

Excrelion of Parcnkrally Administered Radioiron — It has been difficult to 
obtain conclusive evidence on the e.xcretion of iron from conventional 
chemical bahyree studies. However, by injecting labeled radioiron, it is 
possible to determine exactlj* how much of the administered iron is ex- 
creted. A dose of 0.05 mg-, of Fe*, equivalent to less than 1 per cent of the 
total body iron, was given to rats on stock diet by intravenous or intra- 
peritoneal injection. The. animals were sacrificed at 12, 2-1, 48, and. 96 
houm. The average excretion is shown in Table If. It may be seen that 


Taiilk II 

I'Jxcrclion* of Parcnicrally Adininislcrai RatUoiron 


j 

Time following injcciion 

1 

Ulifs. 

2\ hfs. 1 

\ 

4S hrs. 

96 hrs. 

8 MtS 

1 6 ral5 j 

5 rats 

6 rats 

Urine 

j 0.3 

i 0.7 ! 

0.2 

1.1 

Feces... 

O.l ! 


0.1 

o.l 

Total.. 

! 0,-1 ; 

1 ; 

1 . 1 1 

j 

0.3 

1.5 

1 


* The figures given are flic mean values expressed as per cent of the total dose 
of Fe*. 


the excretion of Fe* in both urine and feces is small and ciuite variable. 
The lack of any significant excretion of even this tracer dose of Fe* confirms 
the observations of Plahn ct al. on dogs (IS). This was in striking contrast 
to the behat'ior of cobalt and manganese, elements which are adjacent to 
iron in the periodic table. ^Vlien tracer doses of the radioactive isotopes 
of these elements were injected parenterall}'-, a largo part of the dose was 
excreted within the first 2 daj's, cobalt appearing prmeipallj’’ in the urine 
(19), while manganese was eliminated chiefly in the feces (20). 

The excretion of Fe* in the bile of rats with a biliary fistula and artificial 
gallbladder has been reported in a previous publication (21). Only traces 
of Fe* (0.1 per cent) were excreted in the first 48 hours, in contrast to the 
significant amount of Co* (2 to 4 per cent) and the large proportion of 
Mn* (24 to 40 per cent) which appeared in the bile. 

The actual excretion of Fe* into the lumen of the intestmal tract was 
investigated in two groups of rats which were given the radioiron by sub- 
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cutaneous or intraperitoneal injection. After viviperfusion, the sma ll and 
large intestines were removed separately and the contents were carefully 
washed out. Both intestines and contents were analyzed for Fe* separately, 
and the results are presented in Table III. From these values, it appears 
that, while considerable amoimts of Fe* are taken up by the tissues of the 
intestine, only traces find their way into the lumen. 

Absorption of Radioiron from Intestinal Trad — Since only traces of iron 
are normally excreted, it is evident that the iron in the body must be regu- 
lated by absorption. Here, too, labeled radioiron provides a means of de- 
termining exactly how much of a given dose is absorbed. 1 ml. doses 
containing 0.05 mg. of Fe* were administered by stomach tube to normal 
and iron-deficient growing 2 month-old rats. This dose, which is much 
less than the normal daily intake of iron in food, may be e.xpected to foUow 
the same path of metabolism as the normal dietary iron. Such small doses 
lie nithin physiological limits, and avoid the .possible complications of 

T.vble III 

Excretion* of Radioiron into Lumen of Intestinal Tract 


Tone followup lAjecUoa 



12 hrs I 

1 24 bts. 1 

1 4S his. ' 

96 hrs. 

S Tits 

4 rats 

Small intestine (washed out) 

2.5 ! 

! 1-6 1 

1.7 

1.6 

Contents of small intestine 

0 2 



O.-l 

Large intestine (washed out) 

0.8 

0.5 1 



Contents of large intestine 

0.2 


0 5 1 

0.7 


• The figures given are the mean values expressed as per cent of the total dose of 
Fe*. The radioiron was administered by intraperitoneal or subcutaneous injection. 


massive iron concentrations. After administration of the Fe*. the rats 
were sacrificed at various time intervals up to 4 days. The stomach, 
small intestine, large intestine, and feces, including their contents, were 
analyzed for Fe*. The values, plotted against time, are shotvn in Fig. 2. 

In the normal control rats, the administered Fe* passed rapidly along 
the intestinal tract. The stomach emptied quickly, and within 3 hours a 
considerable part of the dose had passed through the small intestine to 
reach the large bowel. Significant amounts had appeared in the feces by 
12 hours, and almost all of the unabsorbed iron had been excreted within 
the first 24 hours. 

In the iron-deficient rats, the Fe* passed along the intestinal tract at a 
much slower rate, as was observed by Austoni and Greenberg (3). The 
poor intestinal tone obser\'ed in these anemic animals may account for the 
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delay. Very little Fe* had reached tlic large bowel at 3 hours, so that the 
large amount of To* which had already appeared in the body at this time 
must have been absorbed from the stomach or small intestine. The most 
striking delay, however, occurred in the large intestine. Significant 


CONTROL-FE* ORAL 



ANEMIC-FE* ORAL 



Fig. 2. Passage of the dose of radioiron along the gastrointestinal tract. Dose of 
0.05 mg. of Fe* administered by stomach tube. The control rats were 2 months old, 
and had been reared and maintained on the stock colony diet. The average weight of 
the group was 124 ± 7 gm., and the mean value for the blood hemoglobin was 14.4 ± 
1.1 gm. per 100 ml. The anemic rats were weaned at 3 weeks to a milk diet, and were 
used when 2 months old. The average weight of these animals was 112 ± 11 gm., 
and the mean value for the blood hemoglobin was 5.8 ±1.1 gm. per 100 ml. Stomach 
A , small intestine • , large intestine ■ , feces O • 

amounts of Fe* did not reach the feces for 24 hours, and a considerable 
part of the dose was retained for almost 2 days. Since only a third of the 
Fe* in the large intestine was ultimately excreted in the feces, it would 
appear that considerable absorption may take place in this organ. 
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The iron-deficient rats absorbed over nine-tenths of the tracer dose of 
Fe*, indicating a very efficient utifization of dietary iron. While the slo^v 
rate at which the dose passed along the intestinal tract may have facilitated 
this efficient utilization by allowing more time for absorption,itwa3 not the 
sole factor, since the iron-depleted animals absorbed the Fe* much more 
rapidly from the very beginning. 

The control animals on the other hand absorbed less than a third of the 
dose. This confirms the observations on dogs (4) and humans (5) for 
massive doses of Fe*. 


DISCUSSION 

Since only insignificant amounts of iron are normally excreted, the iron 
balance in the animal must be regulated by control of absorption. Iron- 
depleted rats absorbed Fe* much more efficiently than did the controls, 
even though the latter were still grouing actively and therefore required 
some iron for the sjmthesis of new hemoglobin. Hahn el al. (4) observed 
that absorption of large doses of radioiron by normal adult dogs was negli- 
gible, while iron-depleted animals absorbed considerable amounts. 

The difference in absorption was not due to anemia per se, since it does 
not occur in cases of untreated pernicious anemia (5) nor in acute anemia 
in the dog (22). , In the latter case, however, when the level of the blood 
hemoglobin had been restored to normal at the e.xpense of depleted iron 
stores, absorption increased 5 to 10 times. The weight of e\idence sup- 
ports the thesis of Whipple el al. (23) that “absorption of iron is dependent 
on the need of the body for iron.” 

The most efficient absorption of Fe* was obtained when minute doses of 
Fe* were fed to rats on a milk diet very low in iron. Since the concentra- 
tion of iron in the lumen of the gut is very low in these animals, it seems 
highly improbable that the process is one of simple diffusion dependent on 
differences in ionic concentration as has been suggested by 2iIcCance and 

iddowson (24). Indeed the evidence indicates that the absorption of 
iron may be a specific process invoh-ing the intestinal mucosa. The rela- 
tive uptake of Fe* by the gut and the rapid rate of turnover reported in 
Paper II .of this series lend further support to this \'iew. Hahn el al. 
(22) observed a “mucosal block” a few hours after feeding iron (but not 
after injection of colloidal iron) which prevented funher absorption. 
They suggested that this might be due to saturation of the mecham'sm in- 
volved. The probable nature of this mechanism has been indicatc-d by 
Granick (25) who obser\'ed the appearance of the iron containing protein 
ferritin in the wall of the intestine of growing guinea pigs foUouing iron 
feedings. This presumably reaches equilibrium with the other iron re- 
serves of the body, and its state of depletion or saturation, reflecting that 
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of the general body stores, determines tlie absorption of iron from the 
intestine. 

On continued feeding of iron, he found ferritin in the Avails of the small 
and largo intestine, and in smaller amounts in the stomach and ev'en the 
cecum. This adds some support to our indirect e\'idence for absorption 
from the small intestine and large intestine, and for the demonstration by 
Hahn cl al. (22) of absorption from gastric, duodenal, and jejunal pouches. 
It would ajApear that iron may be absorbed from any part of the gastro- 
intestinal tract. 


.st;.Ai.MAnY 

1. Iron labeled with the radioactive isotope Fe"* was prepared with a 
high specific activit}’ compared to that usually obtained with Fe^’. For 
this reason, small tracer doses (0.05 mg. of Fe^) could be used for adminis- 
tration to rats. Eecause of the'soft character of the radiations from Fe“, 
the iron in the sample.'? analyzed was first electroplated, and the radioac- 
tivity was then measured with a thin mica window Geiger counter tube. 

2. E.vperiments were conducted on normal 2 month-old rats, and on 
anemic rats which had been depleted of iron by rearing them on a diet of 
powdered milk. 

3. A .simplified method of viviperfusion was developed to free the tissues 
and organs of blood. 

-1. No significant o.xcrction of Fc* was obserAmd in the bile, urine, or 
feces following parenteral ad ministration of the tracer dose.^ 

5. Iron-depleted rats ali.'^orlied oA'cr 90 per cent of the dose of Fe*, while 
the normal growing rats absorbed less than one-third. Absorption appar- 
ently took place in both the small and large intestine. 

G. There Avas a I'clatiA'cly higli uptake of Fe* by the intestinal AA'all, al- 
though onl}' traces were c.xcretcd into the lumen. 

7. Some factors concerned in the absorption of iron are discussed, and a 
possible mechanism is suggested. 
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A TRACER STUDY OF IRON ilETABOLISM WITH 
RADIOACTIVE IRON 

II. INTERNAL iIET.\BOLISlI 

Bt D. aVROLD COPP* A.VD DAVID M. OREEXBERG 
(From the Division of Biochemistry, Unitersily of California Medical School, Berkeley) 

(Received for Dublication. Anril 1 1948) 

The metabolism of iron in the body is of great interest. In the past, 
conventional chemical methods have yielded little satisfactory information 
on this subject because of the wide variations in the iron content of normal 
tissues. Even when massive doses of iron were used, it was difBcult to 
obtain gross differences in the tissue iron which could be considered sig- 
nificant. 

The radioactive isotopes now available have proved ideal tools for studies 
of internal metabolism, since it is possible to follow the nxact fate in the 
body of an element or substance so labeled. Unfortunately' the radioactive 
isotope of iron commonly' employed, Fe^’, has only been available in prepa- 
rations of such low specific activity that very large doses had to be used. 
Since such massive doses are not very suitable for metabolic studies, atten- 
tion was until recently focused on the absorption and excretion of radio- 
iron.' 

The production of Fe“ with a high specific activity made possible 
the use of small doses of radioiron which were much more suited to the 
study of internal metabolism. With such tracer doses, the following 
problems were investigated: (a) the fate of orally administered and injected 
radioiron in normal and iron-depleted young rats, (6) the effect of various 
routes of administration on the storage of radioiron, and (c) the relationship 
between utilization and storage in adult rats, in which hemopoiesis had 
been stimulated by blood loss or cobalt treatment. 

Ml Chads 

The analytical and biological methods used in this investigation have 
been described in Paper I of this series (1). A dose of 1 ml. containing 
0.05 mg. of Fe* as neutral citrate in physiological saline was administered 

* The material of this paper was taken from a thesis submitted by D. H. Copp to 
the Graduate Division of the tJniversity of California in partial fulfilment of the 
requirement of the degree of Doctor of Philosophy, June, 1943. 

' Iron labeled by its content of radioactive isotope aill be referred to as radioiroa, 
or by the symbol Fe*. 
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to each rat. Tlio animals were sacrificed by viviperfusion at time intervals 
up to 4 days. Tissues and e.vcretii were wet-ashed and analyzed for total 
iron and radioiron. The results arc presented graphically in Figs. 1 to 12. 
The graphs are similar, so that they may be compared directly. In the 
left-hand graph of each pair, the per cent of the administered dose of Fe* 
in liver and blood is plotted against time. Since practically all of the 
radioiron in the blood at 24 hours is in the form of hemoglobin (2), the 
per cent of Fe* in blood at this time gives a measure of the iron utilization 
for hemoglobin synthesis over this period. In the right-hand graph, the 
tissue concentration of Fe* (e.\presscd as the per cent of the administered 
dose per gm. of fresh tissue) is plotted against time. These curves show 
the specific uptake of Fe* by blood, liver, spleen, and bone marrow, and 
the changes in distribution witli time. 

KXI*ERl.MEVrAL 

Fate of Orally Administered Fe* in Normal and Iron-Depleted Rats — ^Rats 
weaned to a powdered milk diet at 3 weeks were depleted of iron as described 
in Paper I (1). Both these anemic rats and control rats which had been 
kept on the stock colony diet were given the Fe* by stomach tube at 2 
months of age. The results are shown in Figs. 1 and 2. 

In the normal control animals, the limited amount of radioiron absorbed 
was rapidly buUt into hemoglobin. This was reflected in the active turn- 
over of Fe* in bone marrow. Only small amounts were deposited in the 
liver and spleen. 

The iron-depleted rats absorbed a much larger proportion of the admin- 
istered dose, and this radioiron was very rapidly built into new hemoglobin. 
The turnover of Fe* in bone marrow was most active, but only limited 
amounts appeared in liver and spleen. There was no apparent interference 
with hemoglobin production or retention of iron in the liver such as might 
indicate copper deficiency (3). This was not surprising in view of the 
relatively high copper content (5 parts per million) of the milk diet used. 

Fate of Iniraperitoneally Injected Fe* in Normal and Iron-Depleted Rats — 
The fate of intraperitoneaUy injected Fe* was studied in similar groups of 
normal and iron-depleted rats. In addition, one group of iron-depleted 
rats was given a simultaneous injection of 0.1 mg. of Cu as copper sulfate. 
The results are given in Figs. 3 to 5. 

A comparison with the curves for the orally administered Fe* reveals 
a striking difference in the uptake of Fe* by the liver. Within 3 hours after 
injection, the liver had taken up almost half of the dose in the control 
animals, and over a quarter of the dose in the iron-depleted animals. The 
24 hour level of radioiron in the blood was several times greater in the 
iron-depleted rats than in the controls, indicating a much more rapid 
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YOUNG CONTROL- FE‘ ORAL 



Fig. 1. Fate of orally administered radioiron in normal rats. The average body 
weight of the group was 124 ± 7 gm., and the mean value for the blood hemoglobin 

was 14.4 i 1.1 gm. per 100 ml. Blood • , liver O , spleen A , 

bone marrow ■. 


YOUNG ANEMIC -FE* ORAL 



Fig, 2. Fate of orally administered radioiron in anemic rats. The average body 
weight of the group was 112 i 11 gm., and the mean value for the blood hemoglobin 
was 5.8 ± 1.1 gm. per 100 ml. The symbols are as in Fig. 1. 
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YOUNG CONTROL -F£‘ I.R 



Fig. 3. Fato of intrapcritoneally injected radioirun in normal rats. The average 
body weight of the group was 128 ± 7 gin., and tlie mean v.alue for the blood heran- 
globin was 14.1 ±1.1 gin. per 100 ml. The symbols are as in Fig. 1. 


YOUNG ANEMIC -FE* I.P 



Fig. 4. Fate of intraperitoneally injected radioiron in anemic rats. The average 
body weight of the group was 116 ± 12 gm., and the mean value for the blood hemo- 
globin was 6.8 ± 1.1 gm. per 100 ml. The symbols are as in Fig. 1. 
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utilization of Fe* in hemoglobin synthesis by the former. Administration 
of copper increased this effect by some 50 per cent and greatly diminished 
the storage of Fe* in the liver. This corresponds with the general effect 
of copper noted by Elvehjem and Sherman (3) in their anemic rats, despite 
the fact that the gross symptoms of copper deficiency were not evident in 
our animals. 

Despite the great bulk of muscle, only 2 to 6 per cent of the dose was 
taken up by this tissue in either group, with no significant difference be- 

YOUNG ANEMIC + Cu - FE' I.R 



Fia. 5. Fate of intrapentoneally injected radioiron m anemic rata a hen copper waa 
adminiatered aimultaueoualy The average body weight of the group waa 116 zn 10 
gm., and the mean value for the blood hemoglobin was 7 5 ± 1 1 gm per 100 ml The 
eymbola are as in Fig 1 

tween the normal and anemic animals. The muscle iron appeared to be 
rather stable, and there w as no evidence for storage in this tissue. 

There was a rapid turnover of Fe* in bone marrow, which was much 
greater in the iron-depleted animals than in the controls, particularly w hen 
copper was also administered, .Although no figures are available for bone 
marrow weight in the rat, estimates for dogs (4) and rabbits (5) indicate 
that this organ may represent about 2 per cent of the total body weight 
.Assuming a similar ratio in the rat, the tissue concentration of Fe* in bone 
marrow would indicate that soon after the dose of Fe* is administered as 
much as one-quarter to one-half may be taken up by this organ. The half 
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period of retention of the Fe* in hone marrow appears to be only 1 or 2 
clays, indicating a rapid rate of turnover associated with formation of new 
hemoglobin. 

Specific Aclwily and Tissue Turnover — Values for specific activity are 
extremely valuable in determining the metabolic activity of iron in various 
tissues. They are expressed as the per cent of the total iron in a tissue 
which has come from the administered dose of Fe*. Values for specific 
activity in blood, bone marrow, liver, spleen, and intestine are shown 
plotted against time in Figs. G and 7. 

SPECIFIC ACTIVITY -FEVFE x 100% 

CONTROL- FE* ORAL 


aj 

u. 

> 

ui 

ii. 


CONTROL -FE* I.R 



Fia. 6. Specific activity of tho radioiron in the tisanes of normal rats 

When the radioiron was administered orally, the specific activity m 
liver and spleen at first exceeded that in blood, indicating a possible initial 
storage function. The subsequent decline in the Fe* in these organs as 
the Fe* level in the blood increased suggested that some of this stored Fe* 
may have been utilized for hemoglobin synthesis. The highest specific 
activity was found in bone marrow, as might be expected from its fimction. 

When the radioiron was injected intraperitoneally, the most striking 
feature was the remarkable uptake of Fe* by the liver. In the normal rats, 
the peak specific activity in liver equaled that in bone marrow, and far 
exceeded that in spleen or blood. The effect was much more pronounced 
in the iron-depleted rats, where as much as 15 to 20 per cent of the total 
iron in the depleted organ was Fe* derived from the injected dose. In 
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contrast, when copper was also administered, there was only a small transi- 
tory rise in liver Fe*. This liver storage was only temporary, and within 
24 hours over half of the Fe* in the liver had disappeared. Since thi=; was 
accompanied by a corresponding rise in Fe* in blood, it is probable that 
this Fe* had been made available for hemoglobin synthesis. 

A second interesting observation was the rapid turnover of Fe* in the 
small intestine of both normal and iron-depleted rats. The peak specific 
activity following injection of radioiron was almost as high as in the case of 
bone marrow, although the rate of turnover did not appear to be as great. 
This rapid metabolism of radioiron in the small intestine may be associated 

SPECIFIC ACTIVITY - FET/FE x 100 % 



Fig. 7. Specific activity of the radioiron in the tissues of anemic rats. The sym- 
bols are as in Fig. 6. 


with the important role suggested for this organ in regulating the absorp- 
tion of iron (6). 

Effect of Route of Administration of Radioiron — ^The striking difference 
in uptake of Fe* by the liver following oral and intraperitoneal adminis- 
tration suggested further work on the effect of various routes of adminis- 
tration. Adult female rats (6 to 8 months old) maintained on the stock 
colony diet were used for these experiments. A dose of 1 ml. containing 
0.05 mg. of Fe* was given by intravenous, subcutaneous, or intraperitoneal 
injection. The results are shown in Figs. 8 to 10. Almost half of the 
radioiron injected intravenously (Fig. 9) was found in the liver at 24 hours. 
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ADULT CONTROL- FE* Sub. Cut. 



Fig. 8 . Fate of subcutaneously injected radioiron in normal adult rats. The aver- 
age body weight of the group was 213 db 11 gm., and the mean value for the blood 
hemoglobin was 16.3 ±07 gm. per 100 ml. Blood • , liver O——, 

▲ 


ADULT CONTROL -FE' I.V. 



Fig.' 9. Fate of intravenously injected radioiron in normal adult rats. The ani- 
mals used were adult female rats which were 6 to 8 months old, and had been reared 
and maintained on the.stncV diet. The symbols are as in Fig. 8 . 


D. H. COPP AKD D. M. GREEXBEEG 


397 


in good agreemetit with the obsen'ations of Granick and Hahn in dogs (7). 
Following intraperitoneal injection in young CFig. 3) and adult (Fig. 10) 
rats, storage in liver at 24 hours amounted to 30 to 40 per cent of the ad- 
ministered dose, as compared to around 10 per cent follou'ing subcutaneous 
injection (Fig. 8), and 3 per cent following oral administration (Fig. 1). 
There appears to be a direct correlation behveen the rate at which the Fe* 
is introduced into the blood stream and the proportion of the djse which 
is stored initially in the liver. This may in turn be related tj the level 
of serum iron, iloqre el al. (8) have shown that the intravenous injection 
of iron causes a tremendous increase in the level of serum iron, while 

ADULT CONTROL- FE* LP. 



Fig. 10. Fate of intraperitoneally iniected radioiron in normal adult rata. The 
average body weight of the group waa 222 15 gm., and the mean value for the blood 

hemoglobin was 16.7 ± OD gm. per 100 ml. The sj-mboU are as in Fig. 1 . 


the same amount given orally produces only a small rise. Although only 
0.05 mg, of Fe* was injected into these animals, it would still be sufficient 
to cause a 5-foId increase in serum iron if given by intravenous or intra- 
peritoneal injection. This suggests that the liver may have an important 
role in regulating the level of serum iron by temporarily storing this excess. 

Effect of Bone Marrow Slimulalion by Cobalt or Blood Loss — ^The effect 
of bone marrow stimulation was studied to determine its influence on liver 
storage of iron. Adult female rats (6 to 8 months old) reared and main- 
tained on the stock colony diet were used. The radioiron (0.075 mg.) 
was given by intraperitoneal injection. In the first group (Fig. 11), the 
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ADULT Co TREATED - FE‘ I.R 



Fia. 11. Fate of intraperitoneally injected radioiron in adult rata receiving poly- 
cythemic doses of cobalt. The average weight of the group when sacrificed was 201 
± 14 gm., with an average loss in weight of 25 gm. over the 2 week period when cobalt 
was being administered. The mean value for the blood hemoglobin was 18.3 ± 0.8 
gm. per 100 ml. The symbols are as in Fig. 8. 

ADULT POST-HEM.- FE* I.P 



Fia. 12. Fate of intraperitoneally injected radioiron in adult rats following severe 
blood loss. The average body weight of the group was 216 ± 18 gm., and the mean 
^lue for the blood hemoglobin was 14.5 ± 0.8 gm. per 100 ml. The symbols are as in 
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bone marrow was stimulated by administration of polycythemic doses of 
cobalt (9) (0.1 mg. of Co as cobalt acetate injected intraperitoneally) 
every other day for 2 weeks. In the second group (Fig. 12), appro.ximately 
one-third of the blood volume was removed by heart puncture to simulate 
the effects of severe hemorrhage. When the Fe* was injected 5 days later, 
the blood hemoglobin of these animals had almost returned to normal. 
The resulting curves should be compared with those in Fig. 10 for normal 
rats given Fe* by intraperitoneal injectiQn. 

Both groups of rats showed definite evidence of increased Fe* utilization 
in hemoglobin production. The level of Fe* in the blood at 24 hours was 
increased 4-fold in the group given cobalt, and 6-fold in those recovering 
from blood loss. Of particular interest was the relatively small amoimt 


Table I 

Summary of Essenltal Data from Graphs 
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of Fe* deposited in the livers of both groups, despite the fact that the 
dose was injected intraperitoneally. The rapid utilization of Fe* by the 
stimulated bone marrow may have left little excess to be stored m the liver. 

DISCUSSION 

These studies on the turnover of radioiron in various tissues have 
provided new data concerning the behavior of iron in the body. Some of 
the pertinent points are summarized for comparison in Table I. 

The important function of the bone marrow in the internal metabolism 
of iron was substantiated by the marked uptake of Fe* by this organ, and 
the rapid rate of turnover. The half period of retention of the Fe* in bone 
marrow was of the order of 1 or 2 days. With the 24 hour uptake of Fe* 
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by the blood as an index of the utilization of Fc* in hcmoglobm synthesis 
over this period, stimulated marrow activity was demonstrated in anemic 
iron-depleted rats (particularly with copper), in adults receiving poly- 
cythemic doses of cobalt, and in adult rats recovering from blood loss. 

As might have been predicted from the relatively high copper content 
of the milk diet used, none of the usual signs of copper deficiency were evi- 
dent in the anemic rats when the Fc* was administered orally. There ^Yas 
active utilization of the dose of Fe*, and no abnormal storage of Fe* in 
the liver. However, when the radioiron was injected intraperitoneally, 
simultaneous administration of copper increased the rate of Fe* utilization 
for hemoglobin production, and greatly decreased the storage of Fe* 
in the liver. This suggests a latent copper deficiency, and provides a very 
sensitive means for demonstrating it. 

The chief organ for iron storage appears to be liver, with the spleen 
playing a very secondary rfile, and the muscle being relatively unimportant. 
The importance of liver in iron storage, first stressed by Jacobi (10) and 
Schmidt (11),- has been amply confirmed by the excellent work of Granick 
and Hahn (7) using radioiron. The latter demonstrated a tremendous 
uptake of Fe* in the liver of dogs following intravenous injection. They 
were able to show that most of this stored Fe* was in the iron-rich protein, 
ferritin. 

The route of administration was found to have a profound effect on the 
amount of Fe* stored in the liver. This was probably correlated with 
changes in the level of serum iron. Intravenous injection, with its re- 
sultant high rise in serum iron, was associated with marked liver storage, 
while oral or subcutaneous administration, which gives only a small 
increase in serum iron, resulted in very limited storage in that organ. 
The amount of Fe* in the liver was also much less when the Fe* was being 
actively utilized in hemoglobin synthesis by bone marrow' w'hich had been 
stimulated by cobalt or by blood loss. 

SUMMARY 

1. Tracer experiments with radioiron (0.05 mg.) in rats substantiated 
the important role of bone marroAv in iron metabolism. Follow'ing injec- 
tion, a large part of the dose of radioiron was taken up by this organ 
and used in hemoglobin synthesis. The turnover in the marrow was rapid, 
with a half period of only 1 or 2 days. 

2. The radioiron provided a v'ery sensitive method of demonstrating 
iron utilization in hemoglobin production. Increased bone marrow' ac- 
tivity with respect' to this function was demonstrated in iron-depleted 
rats, growing rats, in adults given polycythemic doses of cobalt, and in 
adult rats following blood loss. 
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3. None of the usual signs of copper deficiency were evident when the 
radioiron was administered orally to the anemic iron-depleted rats reared 
on a milk diet, owing to the considerable copper content of the milk . How- 
ever, when the radioiron was injected, simultaneous a dminis tration of 
copper increased the rate of Fe* utilization and diminished the storage in 
liver, thus providing a very sensitive test of latent copper deficiency. 

4. The liver was foimd to be the chief site of iron storage, the amount of 
radioiron stored being greatest when the dose was injected intravenously, 
and least following oral administration. Liver storage was also greatly 
decreased when the radioiron was being actively utilized in hemoglobin 
synthesis by stimulated bone marrow. 

5. A rapid rate of turnover in the small intestine was observed, which 
may be associated with its r61e in regulating absorption. 
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(Received for publication, April 11, 1916) 

The results of studies in several laboratories (1-3) have shown that folic 
acid is required for the prevention of anemia in the chick. The anti- 
anemic effect of iS-pyracin lactone when administered together with the 
fermentation Ladohacillits cased factor (LCF), the folic acid conjugate of 
Hutchings, Stokstad, Bohonos, and Slobodkin (4), has been demonstrated 
by Scott, Norris, Heuser, and Bruce (5). In earlier studies reported by 
Scott, Norris, Heuser, Bruce, Coover, Bellamy, and Gunsalus (6) a-pyracin 
lactone was found to prevent anemia in chicks fed a diet containing factor S 
concentrate from yeast, described by Schumacher, Heuser, and Norris (7). 
Later it was found that the supply of factor S concentrate used in this study 
contained a larger amount of folic acid than usual, chiefly in the conju- 
gate form. 

Studies with factor S concentrate conducted in this laboratory by Hill 
(8) and by Scott and associates (5, 6) have consistently shown a slight 
but positive effect upon hemoglobin formation by this preparation, which 
at times could not be accounted for in terms of either folic acid or pyracin 
content of the preparation. 

Since pyracin had been found to be active in the prevention of anemia 
in chicks when supplied together with folic acid conjugate, and since factor 
S appeared to have some effect upon hemoglobin formation in the chick, 
an investigation was undertaken to determine (a) whether pyracin is re- 
quired for the prevention of anemia in the presence of free folic acid, and 
(6) whether factor S contains an antianemic factor not identical with folic 
acid or pyracin. The results of the investigation are presented in this 
report. 

• This work was aided by grants to Cornell University by the Western Condensing 
Company, San Francisco, the Nutrition Foundation, Inc., New York, and the Wyeth 
Institute of Applied Biochemistry, Philadelphia, and was conducted in the Nutrition 
Laboratories of the Department of Poultry Husbandry. 

.4 preliminary report of the results presented in this paper was made at the . \ meri- 
can Association for the Advancement of Science, Vitamin Conference, Gibson Is- 
land, Maryland, July, 1945. 

t Present address. Department of Chemistry, Colorado State College, Fort Collins, 
Colorado. 


403 



404 


tllEVENTION OP ANEidA IN CHICKS 


EXPEUIXIENTAL 

White Leghorn male chicks were used in the experimental work. The 
chicks were fed a purified diet described earlier (5), except that phthalyl- 
sulfathiazolc was substituted for the succinylsulfathiazole. The method 
of handling the diet was the same as that described in the earlier report ( 5 ). 

Since crystalline folic acid was not available in sufficient quantities for 
use in this work, a liver folic acid concentrate which contained only free 
folic acid was used. This concentrate contained 1250 7 of folic acid per 
gm. by Streptococcus faccalis assay and 1300 7 per gm. by Lactobadlks 
casei, a synthetic folic acid being used as the standard. It was fed at a 
level which provided 100 7 of folic acid per 100 gm. of diet, ; 8 -pyracin at 
100 7 per gm., and factor S concentrate at a level in the diet equivalent to 
5 per cent yeast. These three supplements were included individually 
and in all possible combinations. 

The quantities of folic acid and /S-pyracin supplied in this study were 
in excess of the requirements. Robertson, Daniel, Farmer, and Norris^ 
have shown that the quantitative requirement of the chick for folic acid, 
when fed the diet used in this work, is 40 to 50 7 per 100 gm. of diet for 
optimum growth, 30 to 40 7 per 100 gm. for optimum hemoglobin forma- 
tion, and 20 to 30 7 per 100 gm. for the prevention of mortality. Scott 
and associates (5) have shown 50 7 of pyracin to be sufficient for the 
prevention of anemia when supplied together with 50 7 of LCF per 100 gm. 
of diet. 

The results presented in Table I show that in the presence of the folic 
acid ^concentrate the inclusion of )3-pyracin had no effect upon hemoglobm 
level or gi’OAvth, contrary to previous findings at this laboratory when 
conjugates were used as the source of folic acid. After 4 weeks on the 
experimental diets, however, the hemoglobin level of the, clucks receiving 
the folic acid concentrate had not reached a ma.xiraum but was 1.3 gm. 
per 100 ml. of blood lower than the hemoglobin level of those chicks re- 
ceiving a commercial chick diet. Factor S concentrate, when fed alone 
or in combination wdth /3-pyracin, had little effect upon either chick grow’th 
or hemoglobin response, but, when it was supplied together with the folic 
acid concentrate, it maintained the hemoglobin level at values approxi- 
mately equal to those obtained with the conunercial diet. 

A statistical analysis of the hemoglobin values by “Student’s” method 
for unpaired data was conducted to determine whether the increase in 
hemoglobin was biologically important. The i value obtained for the 
significance of the difference was 8.52. With appro.ximately 60 values 

* Robertson, E. I., Daniel, L. J., Farmer, F. A., and Norris, L, C., unpublished 
data. 
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per group, the odds are 9999:1 when t equals 5.1. The results showed, 
therefore, that the increase in hemoglobin level of appro.vimately 1 gm. 
per 100 ml. of blood was highly significant. 

Microbiological assays of the factor S concentrate used in these studies 
showed that, even after incubation with liver enzjTnes, the amount of folic 
acid in this preparation was low. It contributed less than 5 -y of folic acid 
per 100 gm. of diet when fed at the level equivalent to 5 per cent yeast. 
Since, in the lots receiving factor S concentrate alone, or with pyracin, 
appro.vhnately 75 per cent of the chicks died in 4 weeks, further eindence 
is pro\nded that the factor S concentrate contained little folic acid. In 
view of the fact that the factor S concentrate was found to be a poor source 
of folic acid, and because the liver folic acid concentrate provided almost 


T.vblb I 

Results Showitig Aniianemic Activity of Factor S 


Supplement 
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9.7 

“ " + “ “ + ^-pyracin. 

44 (45) 

287 

9.5 

Commercial chick diet 

15 (15) 

291 

9.8 


* The figures in parentheses indicate the number of chicks started. 


double the amount of this vitamin shotvn to be required by Robertson and 
associates,' the effect of the factor S concentrate upon hemoglobin forma- 
tion cannot be explained in terms of additional folic acid and, therefore, 
must have been produced by some other factor present in the factor S 
concentrate. 

Since the folic acid was supplied to the chicks in this study in the form 
of a liver concentrate, the possibility e.xisted that the liver concentrate 
contained pyracin and, therefore, additional pjTacin was not required for 
prevention of anemia. In view of this a study was undertaken to ascertain 
whether or not ^-pyracin was present in the concentrate. 

Huff and Perlzweig (9) have pointed out that the lactone of 4-pjTidoxic 
acid (/3-pyracin lactone), when irradiated with ultraviolet light, emits a 
strong blue fluorescence, the intensity of which varies with the pH of the 
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duced pressure, 5 mg. of a crystalline substance were obtained. The 
pH-fluorescence curve of the crystals was identical with that of pure 
synthetic /S-pyracin lactone at the same concentration. 

Since these findings strongly indicate that pyracin was present in the 
liver concentrate, no conclusions could be drawn from this study as to 
whether or not pyracin is required for prevention of anemia in the presence 
of free folic acid. 

Therefore, when synthetic folic acid became available later, a second 
experiment was undertaken. The chicks were fed the purified diet sup- 
plemented with factor S concentrate equivalent to 5 per cent yeast. Syn- 
thetic folic acid and /3-pyracin vyere supplied singly and in combination 
at levels of 100 y per 100 gm. of diet. The liver folic acid concentrate was 
also included in this experiment at a level to provide 100 y of folic acid per 


Table II 

Resulli Showing Prevention of Anemia by Synthetic Folic Acid in Absence of Pyracin 
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* Each lot was started with seventeen white Leghorn chicks of mixed se.x. 


100 gm. of diet, so that the results could be compared with those obtained 
in the previous expeiiment. The results of this study are presented in 
Table II. They show that the syathetic folic acid promoted a hemoglobin 
level which was not increased by the addition of pyracin to the diet. 

DISCUSSION 

From the data presented in this report, it is evident that factor S con- 
centrate contains an antianemic factor which is effective in raising the 
hemoglobin level in chicks above that obtained with folic acid. 

Hill (8) has shown that factor S is not removed from solution by ad- 
sorption with activated charcoal (Darco G-60) at pH 3.0. In the course 
of his studies with factors R and S of Schumacher and associates (7), Hill 
found that he could obtain the factor R fraction free of factor S by treat- 
ing the former concentrate with charcoal, thus leaving factor S in the fil- 
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trate. This adsorbate of factor R contained most of the folic acid present 
in the original factor R concentrate. After treatment of factor S concen- 
trate with charcoal, he found that the non-adsorbable fraction contained 
factor S, but was free of folic acid. When the adsorbate of factor R 
was supplied to chicks fed a purified diet, the average hemoglobin level 
in the chicks at 5 weeks was 6.8 gm. per 100 ml. Adding the folic acid-free 
factor S concentrate alone to the diet failed to promote any increase in 
hemoglobin level over that of the control chicks. The hemoglobin levels 
for these lots averaged 3.0 and 3.5 gm. per 100 ml., re.spectively. How- 
ever, when the adsorbate of factor R and the folic acid-free factor S concen- 
trate were fed together, the average hemoglobin level in the chicks at 5 
weeks was 8.5 gm. per 100 ml. of bloocT. 

Campbell, Brown, and Emmett (1) have demonstrated that ciystalline 
vitamin Be (folic acid), when added to a purified diet very similar in com- 
position to the one used in the present investigation, is almost, but not 
quite, as effective as a normal ration in preventing anemia in chicks up 
to 4 weeks of age. Vitamin B* at a level of 100 7 per 100 gm, of diet 
promoted a hemoglobin level of 7.6 gm. per 100 ml. 4 times this amount 
of vitamin Bo resulted in a hemoglobin level of only 7.7 gm. per 100 ml., 
while the chicks receiving a normal broiler ration had an average hemoglobin 
of 8.7 gm. per 100 ml. of blood. The hemoglobin results which they re- 
ported are, therefore, strikingly similar to the ones leported here for the 
liver folic acid concentrate. The fact that the normal broiler ration pro- 
moted a hemoglobin level appro.ximately 1 gm. per 100 ml. of blood higher 
than the plateau response obtained with vitamin Be may mean that the 
normal broiler ration contained factor S, which was lacking in their purified 
diet. 

As a result of studies on vitamins Bio and Bn and related substances, 
Briggs, Luckey, Elvehjem, and Hart (10) have suggested the existence of a 
new hemoglobin factor. They found that liver fractions low in vitamin 
Be (folic acid) activity raised the hemoglobin values in chicks, and that 
other fractions rich in either vitamin Bio or Bu did not completely prevent 
anemia. They showed that a-pyracin lactone was not identical ■with the 
suggested new antianemic factor. It is possible that this antianemic, ac- 
tmty was due to factor S, as indicated in this report. 

Daniel, Scott, Norris, and Heuser (11) have shown that pyracin is 
necessary in order to convert LCF into folic acid and thus make it available 
to Streptococcus faecalis. From their results, they concluded that the action 
of pyracin in promoting an increased production of folic acid from LCF is 
caused either by conjugation with LCF to form folic acid, or by the fact 
that pyracin functions in an enzyme system required for the breakdown 
of LCF and the setting free of folic acid. It has been announced by Jukes 
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and Stokstad- that LCF appears to be a folic acid conjugate. Therefore, 
the latter explanation of Daniel and associates is probably the correct one. 

The studies presented in this report have shonn that pyracin is not re- 
quired for hematopoiesis in the chick when the diet contains free folic acid. 
On the other hand, since pyracin is required with certain folic acid conju- 
gates for the prevention of anemia in chicks, further evidence is provided 
that it enters into an enzyme system required for the breakdown of folic 
acid conjugates. This suggests the possibility that /3-pyracin is the 
prosthetic group of an enzyme. 


SUMMARY 

The hemoglobin level in chicks has been significantly increased by the 
addition of factor S from dried brewers’ yeast to a diet containing adequate 
amounts of folic acid and ;3-pyracin. This demonstrates that factor S 
possesses antianemic activity. 

Pyracin has been found not to be required for the prevention of anemia 
in chicks when the diet contains free folic acid. Since jS-pyracin is neces- 
sary with certain folic acid conjugates for the prevention of anemia in 
chicks, further eAddence is provided that it functions in an enzyme sj-stem 
required for the breakdown of folic acid conjugates and setting free of 
folio acid. 


We wish to thank Dr. L. E. .4mow of Sharp and Dohme, Inc., Glen- 
olden, Pennsjdvania, for the phthalylsulfathiazole; Dr. T. H. Jukes of 
the Lederle Laboratories, Inc., Pearl River, New York, for the liver folic 
acid concentrate and the synthetic folic acid; Dr. ICarl Folkers of Merck 
and Co., Inc., Rahway, New Jersey, for the /3-pyracin; and Mr. E. A. 
Webb of Anheuser-Busch, Inc., St. Louis, Missouri, for the dried brew- 
ers’ yeast. 
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In the course of studies conducted in this laboratory on the breakdown 
of hydroxyamino acids in enzyme systems, a new 2,4-dinitrophenylhydra- 
zone which f ulfill ed the anal 3 rtical requirements of a derivative of hydroxy- 
pyruvic acid, HOCH.-CO'COOH, was isolated, following the deamination 
of di-serine by rat kidney slices. The discovery of this simplest hydroxy- 
keto acid, produced under nearly physiological conditions, appeared of 
suflBcient interest to warrant the studies presented in this and the following 
paper (1). 

dZ-Serine is known to be deaminated oxidatively by mammalian kidney, 
althou^ at a slower rate than the most readily attacked substrates such 
as di-alanine or dZ-methionine (2-5). On the other hand, the very rapid 
deamination of di-serine by a number of microorganisms (6-9) was recently 
shown in this laboratory to proceed, by the way of a dehydration imder 
anaerobic conditions, to pyruvic acid (10, 11). di-Threonine undergoes 
a similar sequence of reactions (11). The same mechanism appears to 
prevail in the deamination of di-serine by e.xtracts of mammalian liver 
(11, 12) and muscle (12). 

Although 2,4-dinitrophenylhydrazones of a-keto acids have been isolated 
following the oxidative deamination of several amino acids by rat kidney' 
slices in the presence of arsenite (2, 13), there is no report of a similar e.x- 
periment with di-serine. When rat kidney slices were permitted to act on 
di-serine in 0.05 ii bicarbonate-Ringeris solution, hydroxypyruvic acid 
could invariably be isolated as the dinitrophenylhydrazone mentioned 
previously. These preparations and those secured from synthetic hydro.xy- 
pyruvic acid (1) proved to be identical. 

There is still some doubt as to the enzyme system responsible for this 
de amina tion. Under conditions affording hydroxypyruvic acid dinitro- 
phenylhydrazone from dZ-serine it has not been possible to obtain a hydra- 

* This work has been supported by a grant from the John and Mary R. ilarkle 
Foundation. 

t This report is from a dissertation submitted by David B. Sprinson in partial ful- 
filment of the requirements for the degree of Doctor of Philosophy in the Faculty 
of Pure Science, Columbia University, 
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zone, following the action of rat kidney slices on f-serinc or on cd-threonine. 
A quantitative comparison between I- and (/^-serine showed that 90 per 
cent of /-serine remained unattacked, only negligible amounts of ammonia 
being evolved, whereas d/-serinc lost 36 per cent of its initial concentration 
and gave rise to 22 pec cent of ammonia.’ The deaminating effect of rat 
kidney slices on dZ-serine, therefore, appears to be limited to the d variety. 
It is iievertlieless not possible to attribute it to d-amino acid o.xidase, since 
purified preparations of this enzyme, in contrast to kidney slices or crude 
extracts (2-5, 15), attack dZ-serine either very slowly (15, 16) or not at 
all (17). 

d-Serine has been reported to produce an often fatal injury in rats, char- 
acterized by necrosis of the kidney tubules (18), when administered by 
stomach tube in conjunction with a diet deficient in protein and the B vita- 
mins (19, 20). Since it seemed possible that hj'dro.xypyruvic acid might 
be the metabolic intermediate responsible for the serine injury, the action 
of dZ-serinc in producing the reported ty'pical kidney lesions in rats ivas 
compared with that of synthetic hydro.xypyruvic acid (l). IVhereas 
there was no difficulty in confirming previous findings with dZ-serine (18), 
hydroxypyruvic acid, under similar experimental conditions, was without 
effect. 

It is not yet possible to assign a definite metabolic function to hydroxy- 
pyruvic acid. In isolated enzyme systems Z-serine does not appear to un- 
dergo transamination (21, 22) or deamination, though Z-phosphoserine has 
been claimed to take part in transamination reactions ((23, 24); however, 
compare (22)). The resulting phosphoric acid ester of hydro.xypyruvic 
acid could then give rise to the hydro.xy'keto acid by phosphatase action. 

EXPERIMENTAL 

Formation of Hydroxi/pyruvic Acid from dl-Serine by Rat Kidney Slices 
The buffer solution used consisted of 100 cc. of 0.154 m NaCl, 4 cc. of 0.154 
M KCl, 3 cc. of 0.11 M CaCli, and 20 cc. of 0.31 m NaHCOj which had been 
saturated with CO 2 . Before use this mixture was equilibrated with Oj 
containing 5 per cent (by volume) of CO 2 . 

To 50 cc. of the buffer solution in a I^rebs vessel (2) were added 500 mg. of 
dZ-serine (Merck), 0.08 cc. of 0.05 m NaAs02, and 0.32 gm. (dry weight) 
of rat kidney slices. The vessel was placed in a thermostat at 38° and the 
CO 2 -O 2 mixture was aspirated through it for 15 minutes. The closed vessel 
was then shaken for 4 hours. The slices were removed, dried, and weighed. 
The addition of 300 mg. of 2,4-dinitrophenylhydrazine in 30 cc. of 2 N 

' About 10 per cent of the I- or dZ-serine remains unaccounted for either as am- 
monia or hydro.xyarnino acid. It is possible that the conversion of Z-serine to glycine 
in the rat (II) is responsible for this observation. 
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HCI to the deproteinized (10 ce. of 30 per cent trichloroacetic acid) and 
filtered solution produced a precipitate which, after being stored in the 
refrigerator overnight, was filtered off and dried m vacuo over PiOs- The 
crude semicrystalline product, which weighed 75 mg., melted at 158-160°. 
After two crystallizations from ethyl acetate-ligroin (b.p. 60-90°), clusters 
of fine orange-colored needles were obtained, which melted at 162°.= The 
mixture of this compound with a sjTithetic specimen of hydroxy-pyruvic 
acid 2 ,4-dinilrophenylhydrazone (1) melted at 159-161°. For analysis’ 
the substance was thoroughly dried at 80° and 0.1 mm. 

COIsOiN*. Calculated. C 38.0, H 2.8, X 19.7 

2&1.2 Found. “ 37.9, “ 2.9, “ (Dumas) 19.7 

This derivative of hydro.xypyruvic acid could be isolated in all individual 
experiments when the conditions described here were maintained. No 
hydrazone could be obtained when Krebs’ phosphate buffer (2) was sub- 
stituted. This is in contrast to the beha^or of d-amino acid oxidase (2). 
Since all buffers used contained arsenite, added in order to prevent the 
enzymatic breakdoTO of the formed keto acid, the difference in results may 
be attributed to the non-formation rather than to the disappearance of the 
reaction product. 

In contrast to dZ-serine, Z-serine* failed to jdeld any comparable deriva- 
tive, nor could the dinitrophenylhydrazone of ^-hydroxy-ct-ketobutyric 
acid be obtained, following the action of rat kidney slices on dZ-threonine. 

Serine Balance and Ammonia Production Following Incubation of Z- and 
dl-Serine with Rat Kidney Slices — ^The trichloroacetic acid filtrate obtained 
m deamination e.xperiments such as the one described above was neutralized 
with sodium bicarbonate. Ammonia was determined by aeration after 
the addition of a boric acid-sodium hydroxide buffer. Serine was de- 
termined by oxidation udth sodium periodate and isolation of the formalde- 
hyde dimedon derivative (25). 

The incubation of 100 mg. (0.95 mxi) of Z-serine with 0.3 gm. (dry weight) 
of rat kidney slices, as previously described, gave a solution from which 
0.02 milliequivalent of ammonia and 250 mg. (0.85 mil) of the formaldehyde 
dimedon derivative (m.p. 187-189°) were obtained. 

The deamination of 500 mg. (4.76 mxi) of cZZ-serine bj' 0.8 gm. (dry weight) 
of rat kidney slices yielded 1.04 milliequivalents of ammonia and 884 mg. 
(3.02 mu) of formaldehyde dimedon (m.p. 187-189°). 

F ceding Experiments with Sodium Hydroxy pyruvate — ^The 0.05 u hydroxj’- 

* The melting points, reported without correction, were determined with an elec- 
trically heated stage (Fisher-Johns). 

*We are indebted to Mr. W. Saschek for the microanalyses. 

* We are grateful to Dr. J. S. Frutou of Yale University for a specimen of /-serine. 
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pyruvate solutions (containing equivalent amounts of sodium bromide) 
were prepared daily by liydrolyzing 1.67 gm. (0.01 mole) of bromopyruvic 
acid with the required amount of 0.1 N NaOH, as is described in the follow- 
ing paper (1). Each batch was concentrated in a nitrogen atmosphere un- 
der reduced pressure to a volume of 30 cc. The freshly prepared solution 
was immediately administered by stomach tube in 3 cc. doses. 

The dl-serine was similarly given in 3 cc. of water containing 0.001 mole 
of amino acid and of NaBr. The control group received 0.001 mole of 
NaBr in 3 cc. of water. 

Three groups, each of five male rats, weighing 90 to 100 gm., were main- 
tained on the experimental diet for 7 days previous to the administration of 
the test compounds. The diet (compare (18)) was composed of “Labco" 
vitamin-free casein 10 parts, dextrin 37, sucrose 37, Crisco 5, cod liver oil 5, 
Eimer and i\jnend Celluration 2, and salt mixture (Smaco) 4. Water was 
supplied ad libitum. The animals showed practically no change in weight 
throughout this experiment. On the Sth, 9th, and 10th days df-serine or 
sodium hydroxypyruvate was fed in the amounts above indicated. All 
animals showed symptoms of bromide into.vication. On the 11th day they 
were killed and the kidneys subjected to histological examination.* The 
animals that had received d/-serine exhibited kidney lesions essentially simi- 
lar to those described by Morehead el al. (18). The typical injury was, 
however, not observed in the rats to which sodium hydro.xypyruvate had 
been administered nor in the control group. 

SUai-MAHY 

Hydr'oxypyruvic acid 2,4-dinitrophenylhydrazone was isolated after the 
deamination by rat kidney slices of dl- but not of f-serine. The constitution 
of this derivative was established by comparison with a synthetic specimen. 
Parallel determinations of ammonia and unattacked hydroxyamino acid 
confirm the view that it is the d isomer that is mainly deaminated; d-aramo 
acid oxidase, however, does not appear to be involved. 

df-Threonine did not give rise to a 2,4-dinitrophenylhydrazone under 
the same conditions. 

Hydroxypyruvic acid was without effect in producing the typical kidney 
lesions caused by d-serine. 


BIBLIOGRAPHY 

1. Sprinson, D. B., and Chargaff, E., J. Biol. Chem., 164, 417 (1946). 

2. Krebs, H. A., Z. physiol. Chem., 217, 191 (1933). 

3. Krebs, H. A., Biochem. J., 29, 1620 (1935). 

‘ We should like to express our appreciation to Dr. H. C. Stoerk of the Department 
of Pathology for these examinations. 


D. B. SPHINSOX ANT) E. CHABGAFP 


415 


4. Bernheim, F,, and Bemheim, M. L. C., J. Biol. Chem., 109, 131 (1935). 

5. Bernheim, F., Bernheim, M. L. C., and Gillaspie, A. G., J. Biol. Chem., 114, 657 

(1936). 

6. Bernheim, F., Bernheim, M. L. C., and Webster, il. D., J. Biol. Chem., 110, 165 

(1935). 

7. Webster, M. D., and Bemheim, F., J. Biol. Chem., 114, 265 (1936). 

8. Gale, E. F., and Stephenson, II., Biochem. J., 32, 392 (1933). 

9. Vioods, D. D., and Trim, A. R., Biochem. J., 36, 501 (1942). 

10. ChargafF, E., and Sprinson, D. B., J. Biol. Chem., 148, 249 (1943). 

11. Chargaff, E., and Sprinson, D. B., J. Biol. Chem., 151, 273 (1943). 

12. BinUey, F., J. Biol. Chem., 160, 261 (1943). 

13. Krebs, H. A., Z. physiol. Chem., 218, 157 (1933). 

14. Shemin, D., J. Biol. Chem., 162, 297 (1946). 

15. Klein, J. R., and Handler, P., J. Biol. Chem., 139, 103 (1941). 

16. Karrer, P., Koenig, H., and Appenzeller, R., Helo. chim. acta, 25, 911 (1942). 

17. Karrer, P., and Frank, H., Helv. chim. acta, 23, 948 (1940). 

18. Morehead, R. P., Fishman, W. H., and Artom, C., Am. J. Path., 21, 803 (1945). 

19. Fishman, W. H., and Artom, C., J. Biol. Chem., 146, 345 (1942). 

20. Artom, C., Fishman, W. H., and Morehead, R. P., Federation Proc., 4, 81 (1945). 

21. Cohen, P. P., Biochem. J., 33, 1478 (1939). 

22. Cohen, P. P., J. Biol. Chem., 136, 565 (1940). 

23. Bychkov, S. M., Biokhimiya, 4, 189 (1939); Chem. Abslr., 34, 1634 (1940). 

24. Braunshtein, A. E., Enzymologia, 7 , 25 (1939) (c7. pp. 37, 42-43). 

25. Nicolet, B. H., and Shinn, L. A., J. Biol. Chem., 139, 687 (1941). 




A STUDY OF j3-HYDROXY-a-KETO ACIDS* 
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University, New York) 

(Received for publication, March 29, 1946) 

The preparation of hydroxypyrucic acid, CHiOH-CO-COOH, has often 
been claimed in the older literature, but the proofs of structure put for- 
ward have left much in doubt. The demonstration that this keto acid is a 
product of the enzymatic oxidative deamination of dZ-serine (1) has 
prompted the detailed study of the hydro.xyketo acids corresponding to 
serine and threonine, i.e. of hydroxyp)rru\'ic and /3-hydrcxy-a-ketobutyric 
acids. 

Hydroxypyruvic acid was presumed by Will, in 1891 (2), to be present 
in the products of the decomposition of cellulose nitrate by alkali. The 
principal evidence consisted in the precipitation from the acidified reac- 
tion mixture of the lead salt of an acid that was not oxidized by bromine 
and yielded the osazone of meso.xalic acid semialdehyde (I). These 

CH=N— NHCJIi 

I 

C=X— NHCA 

I 

COOH 

(I) 

e.xperiment3 were later confirmed (3) and descriptions of the isolation 
of what appears to be the same osazone can be found repeatedly in the 
literature; it was, for instance, obtained after the oxidation of glyceric 
acid with ferrous ion and hydrogen pero.xide (4, 5) and from the products 
of the photochemical oxidation of aspartic (6) and tartaric (7) acids. 
Compoimd I also was isolated (8) after the treatment with phenylhydrazine 
of hiptagenic acid, CjH504l^ (9), a product of the hydrolysis of two natu- 
rally occurring glucosides, hiptagin (9) and karakin (10). This acid is 
probably closely related to hydroxypyruvic acid, being an oximino or 
hydroxylamino derivative of this keto acid or of one of its tautomers. 

The possibility of tautomerism between hydro.xypyruvic acid (II), 

* This work has been supported by a grant from the John and Mary R. JIarkle 
Foundation. 

t This report is from a dissertation submitted by David B. Sprinson in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy in the Faculty 
of Pure Science, Columbia University. 
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dihyclroxyaciylic acid (III), and tartronic acid semialdehyde (IV) is 
obvious. Because of the stability of the product formed by alkali from 
cellulose nitrate toward bromine and alkali, Will assigned to it structure 
II. Further support was supplied to this assumption later (11), although 
evidence favoring structure IV was also produced (12). Compound III 
is loiown in the form of certain derivatives, e.g. ethyl /3-hydro,xy-a-ethoxy- 

CHiOH CHOH CHO 

I II I 

CO COH ^ CHOH 

I I I 

COOH COOH COOH 

(II) (III) (IV) 

icrylate, HO-CH=C(OCjH5)— COOC2H5 (13). Solutions of tartronic 
acid semialdehyde (IV) have been made available by the work of 
Fischer, Baer, and Niddcker (14). 

A simple synthetic method for the preparation of solutions of /3-hydroxy- 
a-keto acids was found in this laboratory. It consists in the careful 
hydrolysis of the corresponding ^-bromo-a-keto acids. Hydroxypyruvic 
acid (II), obtained in this manner from bromopyruvic acid, BrCH2-C0- 
COOH, gave an insoluble lead salt and readUy reduced Benedict’s solution. 
The results of the o.xidation of freshly prepared solutions with periodic 
acid, to be discussed in the following paragraph, established beyond doubt 
that compoimd II actually had been obtained. In contrast to the products 
previously mentioned (2-5) this compound did not yield the osazone of 
mesoxalic acid semialdehyde (I). The hydroxypyruvic acid2,4-dimtro- 
phenylhydrazone, however, was obtained in a 90 per cent yield. The struc- 
ture of this derivative was demonstrated by its reduction to df-serme, 
apparently the first instance of the synthesis of an amino acid from a 
dinitrophenylhydrazone. Bromopyruvic acid itself gave a 2,4-dini- 
trophenylhydrazone which, with sodium hydroxide in aqueous ethyl 

CHi-O-CjHs 

I 

G=N— NHC.HdNOsls 

I 

COOH 

(V) 

alcohol, afforded the 2,4-dinitrophenylhydrazone of ethoxypyruvic 
acid (V). 

Freshly prepared solutions of hydroxypyruvic acid are rapidly decom- 
posed by periodic acid with the consumption of 1 mole of oxidizing agent 
and the production of about 0.9 mole each of formaldehyde and of oxahe 
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acid per mole of bromopyruvic acid used as the starting material. Taken 
together with the reduction of hydroxypyruvic acid 2,4-dinitrophenyl- 
hydrazone to dZ-serine, this proves conclusively that 90 per cent of the 
hydrolysis product of bromopyruvic acid is indeed hydro.xypyruvic acid 
(11). The reactions leading from bromopyruvic acid to serine on the one 

Scheme I 


CHiOH 

C=X— NHCiHiCNO,), 

I 

CO OH 



NHj.NHC.H.(NO,)iy- 

CHiBr 

/ 

CHjOH 

1 

CO 

OH- 1 

» CO 

1 

I 

COOH 

1 

COOH 


^^HIO. 

\ 

HCHO 

+ 

COOH 

I 

COOH 


1 

I 

COOH 


hand and to formaldehyde and o.xalic acid on the other are summarized 
in Scheme 1. 


Behxwior of Hydroxypyruvic Acid toward Strong Alkali (Table I) 

When hydroxypyruvic acid solutions in a nitrogen atmosphere are treated 
with sodium hydroxide (0.02 to 0.8 x) and are acidified after j hour, they 
show an ability to consume iodine (15) corresponding to the formation of 
appreciable amounts (10 to 64 per cent) of enediol. This solution reduces 
Benedict’s reagent at room temperatmre. That this strong reducing agent 
is dihydroxyacrylic acid (III) is shown by its behavior. .After oxidation 
with iodine, treatment of the solution with phenylhydrazine acetate al 
room temperature affords an almost quantitative yield, based on the enediol 
content, of the osazone of mesoxalic acid semialdehyde (I), mentioned 
previously. Moreover, when a solution of hydroxypyru%’io acid in 0.8 x 
sodium hydroxide is shaken with oiQ^gen, about 0.7 mole of oxygen is con- 
sumed and equivalent amounts of oxalic and formic acids are formed for 
each mole of starting material. The reactions involved are presented in 
Scheme 2. 
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Table I 

Formalion of I'Jncdtol from //ycfroiypyrui'tc .'Icid 
In ench experiment tlio ciilculateil amount of 9,JC s sodium hydroxide ivas added 
to 0.01 mole of sodium hydro.xy pyruvate in 200 cc. of water, in order to obtain the 
indicated alkali concentration. The solutioius were kept for 30 minutes in a nitrogen 
atmosphere before removal of uliciuots, which were then acidified and titrated with 
0.1 N iodine solution. 


Experiment No. 

Normality nf solution 
with respect to NaOH 

loiHnc consumption 
per 0.01 mole hyrlroxy- 
pyruvic actil 

EncdioI formed 




per cent 

1 


0.72 

3.6 

2 


2.0 

10 

3 


7.0 

35 

4 


9.2 

46 

5 

0.83 

12 .8 

64 

6 

1.5 

12.5 

63 


CHjHO 

CHOH 

1 OH- 

11 

CO 

1 ‘ 

“ COH 

1 

1 

COOH 

1 

COOH 

(ID 

(III) 


I./ 

/ 




Scheme ~ 

CHO CH=N— NHC,H, 

I 0 C.H, N 1INI^ 

I I 

COOH COOH 

(0 



\ 


HCOOII 

+ 

COOH 

! 

COOH 


When phenylhydrazine acetate at room temperature is added to the acidi- 
fied solution before oxidation with iodine, amorphous bulky precipitates 
result from which pure glyoxalosazone (VI) can be secured in yields roughly 
dependent on the amount of enediol formed. This derivative probably 
arises as a result of the decarboxylation of compound III. Compound 
IV, possibly also present in the alkaline solutions of hydroxypyruvate, 
is known to give glyoxalosazone Avith phenvlliydrazine at 60° (14). The 
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HO=N— NHC.Hs 

I 

HO=N— NHC.Hi 
(VI) 

course of the reaction between enediols and phenylhydrazine is not en- 
tirely clear. Ascorbic acid yields the osazone of dehydroascorbic acid 
(IC, 17), while reductone (dihydroxyacrylic aldehyde) does not yield 
a crystalline derivative with phenylhydrazine unless it is first oxidized with 
iodine to dehydroreductone (18). 

Behavior of Hydroxypynwic Acid toward Weak Alkali 

The complex transformations of this acid induced by 0.01 x alkali were 
studied in detail. The difficulties e.xperienced in the interpretation of the 
results were not vme.xpected in view of the reactbdty of this hydroxyketo 
acid and the multiplicity of reaction products to which it could give rise. 

Hydroxypyruvic acid consumes 1 mole of periodic acid and yields 1 mole 
each of formaldehj’-de and oxalic acid; after treatment with 0.01 x sodium 
hydroxide under nitrogen for 2 to 4 hours it rapidly reduces 1.5 to 1.7 
moles of periodate, but then yields only 0.4 mole of oxalic acid and less 
than 0.1 mole of formaldehyde. At the same time carbon dioxide is pro- 
duced, irrespective of the duration of contact OTth alkali, in an amount 
corresponding to about 0.4 mole (Table II). Without previous contact 
with alkali hydro.xypyruvic acid yields practically no carbon dioxide on 
treatment with periodate. (Compare Experiment 1 in Table II and the 
discussion in the following paper (19).) The disappearance of formalde- 
hyde indicates the abolition of a primary alcohol group; the simultaneous 
production of roughly 0.5 mole of oxalic acid reveals the presence of a group- 
ing such as — CHOH-CO-COOH. The production of carbon dio.xide by 
periodate points, in the light of the discussion presented in the following 
communication (19), to the formation of a polyhydroxv acid — (CHOH)j- 
COOH. 

The various findings outlined here suggest the occurrence of an aldol 
condensation between 2 or more molecules of II, or possibly between II 
and IV, analogous to the condensation of glyceraldehyde and dihydro.xyace- 
tone to dl-fructose and dl-sorbose (20. 21) or of d-glyceraldehyde to d-fruc- 
tose and d-sorbose (22). The e.xperimental results could be explained by 
the formation of a compoimd of the type of an a-ketotrihydroxyadipic 
acid.* 

* The reactivity of hydroxypyruvic acid may prove of biological interest. In 
animals known to synthesize ascorbic acid le.g. the rat), it is possible that the path- 
way of the reaction is via an aajmmetric aldol condensation between 1-glyceraldehyde 
and hydro.xypyruvic acid to 2-keto-f-gulonic acid, followed bj- enolization and lac- 
tonization to the vitamin. 
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The prolonged contact of liydroxypyiiivic acid with 0.01 n alkali causes 
a slow spontaneous decarboxylation accompanied by a drop in pH (Table 
li). ./Uter 72 hours 1 mole of II gives rise to almost 0.5 mole of carbon 
dioxide. This fonnation of carbon dioxide may be due to a gradual 
decarbo.xylation of a ;3-keto acid, which is in tautomeric equilibrium with 
the a-keto acid originally produced by weak alkali: — CHOH-CO-COOH 
— COH=COH-COOH — CO-CHOH-COOH — CO-CH.OH + 

CO 2 . A simple tautomeric shift of II to the )3-aldehydo acid (IV) appears 


T.\di.b II 

Action of 0.01 .v Alkali on Ilydroxypyrtivic Acid 




pH 

1 

Moles of carbon dioxide 
per mole of hydroxy- 
pyruvalc produced oy 
spontaneous decar- 
boxylation 

Products of oxidation with XaI0<, mole 
per mole of hydroxypyruvate 

Catbon 

dioxide 

Formaldehyde 
(as dimedoo 
derivative) 

Oxalic acil 

1 

hn. 






1 


7.0 

0.050 

0.094 

0.87 

0.85 

2a 

0 

11.6 


1 

1 


26 

4 

11.1 

0.066 


■Eh 

0.41 

2c 

24 

9.9 

0.27 

WXm 

mSBM 


2cf 

48 

9.4 

0.40 

0.40 



2e 

72 

9.2 

0.47 

0.36 

■b 


2/ 

90 

9.0 

0.50 

1 0.38 

0.25 


2!; 

120 




0.26 


2h 

« 

144 

1 

9.0 

0.53 

0.34 


HH 


* The freshly prepared 0.05 m sodium hydro.vypyruvate solution (E.vperiment 1) 
was made 0.01 n with respect to alkali (Experiment 2a). The progressive decrease 
in pH, increase in carbonate, and the products of o.xidation with sodium periodate 
(carbon dio.xide, formaldehyde, and o.xalic acid) are recorded as Experiments 2b 
to 2h. The values of carbonate reported in the fourth column were subtracted from 
the total produced in the periodate o.xidation to give the figures reported in the fifth 
column. Corrections are made for the values of carbon dioxide found in Ex- 
periment 1. 

unlikely, since under those circumstances 1 rather than 0.5 mole of carbon 
dioxide should be produced. The view that the spontaneous decarboxyla- 
tion of the condensation product of hydroxypyruvic acid leads to the forma- 
tion of the grouping — CO-CHjOH, i.e. of a primary alcohol group, is 
borne out to a large axtent by the trend in the amounts of formaldehyde 
and oxalic acid produced by the action of periodate on the condensation 
product at different stages of spontaneous decarboxylation (Fig. !)• 
measure with the increase in spontaneously produced carbon dioxide, 
the formaldehyde values rise from 0.07 to 0.26 mole and the yields in 
oxalic acid drop from 0.4 to 0.15 mole (Table II). Attempts, briefly 
summarized in the e-xperimental part, to determine in a more definite 
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manner the type of carbon skeleton produced by the condensation of II 
have so far not led to conclusive results.- 
Synthesis of ^-Hydroxy-a-kelobtdyric Acid — The keto acid corresponding 
to d/-threonine, dl-^-hydroxy-a-keiobulyric acid, CHs-CHOH-CO-COOH, 
was also synthesized. d-Bromo-a-ketobutyric acid, prepared from a-keto- 
butyric acid, yielded, by careful hydrolysis, solutions of the desired sub- 


MOLES 



Fig. 1. Behavior of condensation product produced from hydro.vypyruvic acid by 
0.01 N alkali. Curve I, carbon dioxide formed by spontaneous decarbo.xylation. 
Curves II, III, and IV represent the products of periodate oxidation: Curve 11, car- 
bon dioxide; Curve III, formaldehyde; Curve IV, oxalic acid. Ordinate, moles of 
reaction products per mole of hj-droxypyruvic acid; abscissa, time elapsed after 
addition of alkali. 

stance. The 2,4-dinitrophenylhydrazone was obtained in good yield.’ 
0.xidation of the solution of this hydro.xyketo acid by periodate produced 

’ It is evident from the extreme lability of II to alkali that it cannot have arisen 
directly from the alkaline decomposition products of cellulose nitrate mentioned in 
the begiuning of this paper. This agrees with the conclusions reached by Kenyon 
m a careful investigation of the reactions involved in the degradation of cellulose 
nitrate by alkali (23); compare (34). 

•The synthesis of a compound described as ^-hydroxy-a-ketobutyric acid was 
reported recently (25). There are, however, several points of difference between 
this product and the compound described here. 
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oxalic acid and acetaldehyde almost quantitatively, with the consumption 
of 1 mole of oxidant. 


EXPBKIJIEr^TAL 

Bromopijrwnc Acid 

Preparation — This compound was prepared according to a modification 
of the procedure described by Ward (20). 1 mole (88.1 gm.) of pyruvic 
acid (m.p. 13.6-13.8°) was heated to 50° in a 3-neck flask equipped with 
ground glass joints, and ICO gm. (1 mole) of bromine, previously dried by 
shaking with concentrated H:SOi, were added dropwise with stirring and 
exclusion of moisture. The heat of the reaction was usually sufficient to 
keep the temperature at 50°; external temperature control was resorted to 
when necessary. The thick fuming sirup was immediately poured into a 
large crystallizing dish, the flask washed with a little hot benzene, and the 
washing added to the main product. Sometimes the material set in the 
flask to a fuming crystal mass which was dissolved in a small amount of 
hot benzene. The mixture was placed in a vacuum desiccator over moist 
NaOH pellets, and the solvent removed by suetion. On the ne.xt day the 
material was ground to a fine powder* and kept in vacuo for 48 to 72 hours, 
with frequent renewal of the alkali, until no more fumes of HBr were given 
off. The yield was 164 gm. (98 per cent) of white crystals melting at 70°. 
Crystallization from dry chloroform (1 cc. per gm.) with the aid of me- 
chanical stirring to prevent caking yielded 135 to 140 gm. of he.xagonal 
prisms melting at 74 °.® 

CjHjOjBr. Calculated. C 21. 6, H 1.8, Br 47.9 
167.0 Found. “ 21.4, " 1.6, “ 47.8 

Broinopyruvic Acid 2 ,4-Dinitrophenylhydrazonc — 5 gm. (0.03 mole) of 
bromopyruvic acid dissolved in 100 cc. of water were treated with a solu- 
tion of 5.9 gm. (0.03 mole) of 2,4-dinitrophenylhydrazme in 400 cc. of 2 n 
HB r tvith vigorous stirring and cooling in ice water. After 1 hour the 
precipitate was filtered off,' washed with cold 2 N HBr and cold water, 
and ^ied in vacuo over PaOs- The product weighed 9.8 gm. (95 per cent) 
and melted at 180°. It was analytically pure. Crystallization from 
dioxane gave fine yellow needles of unchanged melting point. 

CsHjOjN^Br. Calculated. C 31.2, H 2.0, N 16.1, Br 23.0 

347.1 Found. “ 31.2, “ 2.1, “ (Dumas) 16.1, Br. 23.2 

* The unstable intermediate compound (26) as well as the HBr-free bromopyruvic 
acid is a strong vesicant. 

‘ The melting points, reported without correction, were determined with the 
Fisher-Johns apparatus. It is noteworthy that bromopyruvic acid, when observed 
under these conditions, forms a transparent glass at about 60° (which may accoun. 
for the reported melting point of 59° (26)) and melts to an oil at 74°. 
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Elhoxypyruoie Acid 2 ,4-DinilrophenylhydTazone — 1 gm. (2.9 roii) of the 
bromopyruvic acid hydrazone was dissolved in 100 cc. of 80 pier cent alcohol 
and titrated electrometicaUy with 0.2 n aqueous NaOH. When a pH of 8 
was reached, 2 equivalents of alkali had been consumed and the titration 
was stopped. Acidification with 2 n HCl gave 0.82 gm. (91 per cent) 
of the ethoxypynmc acid 2 ,4-diniirophenylhydrazone, melting at 153-155° 
(the solidified melt had a melting point of 163-166°). Crystallization from 
ethyl acetate yielded yellow needles melting at 154° (second m.p. 164- 
167°). The mixture of this compoimd with hydroxypymvic acid 2,4- 
dinitrophenylhydrazone (see below) melted at 138-140°. A solution of 
the hydrazone in 80 per cent ethanol was titrated electrometrically with 
0.1 N alkali. 

C„H,.0,N. (312.2) 

Calculated. C 42.3, H 3.9, N 18.0 — OCiHi 14.4, neutralization equivalent 312 
Found. “ 42.1, “ 3.9, “ (Dumas) 18.0, — OC-Hi 13.4, neutralization equiva- 
lent 303 


Hydroxypyruvic Acid 

Preparalion — The following procedure, out of several tried (e.g. treat- 
ment with silver carbonate or with potassium acetate in acetic acid-acetic 
anhydride), proved the most succe^ul. A solution of 4.175 gm. (0.025 
mole) of bromopyruvic acid in 30 cc. of water was placed in a 500 cc. volu- 
metric fiask and 465 cc. of 0.107 K NaOH or KOH (2 equivalents) were 
added in such a way as to keep the pH below 8.5. The first 400 cc. could 
be added slowly in 1 portion with shaking to give a pH of 6.8. The re- 
mainder was added in small volumes at intervals, additions being made 
whenever the pH fell from 8.5 to 7. These solutions, 0.05 Ji with respect 
to hydroxypyruvic acid after adjustment to volume, were used in all 
e-xperiments. 

Solutions of hydroxypyruvate (II)' reduced Benedict’s solution on gentle 
warming and silver nitrate at room temperature. Bromide could be re- 
moved by adding a solution of the required amount of AgNOj, although 
not without some reduction. The filtrate gave an insoluble, amorphous 
lead salt. .The acid could not be extracted from its aqueous solution by 
ether, although it is soluble in it as shown below. No significant reaction 
with ferric chloride was observed, imless alkali was added, when a deep 
violet solution resulted. 

The addition of phenylhydrazine acetate to solutions of II gave, at room 
temperature, brown amorphous precipitates which were ill defined and bore 
little resemblance to the well characterized osazone I. Attempts to pre- 
pare an osazone at a higher temperature led to deeply colored products. 

Crude preparations of the free acid could be made by adding 1 equivalent 
of 10 N HBr to the concentrated aqueous solution of potassium hydroxy- 
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pyruvate and evaporating to diyuess in vacuo in a current of Nj at room 
temperature. Ether was added to the residue and the insoluble salts were 
repeatedly washed with ether, when a colorless ethereal solution was ob- 
tained. The evaporation residue of the ether solution formed a straw- 
colored sirup which, dissolved immediately in water, yielded solutions 
which showed a 90 per cent recovery by acidiraetric titration and SO per 
cent by periodate consumption. 

Ilijdroxypynwic Acid 2 ,/rDiiiUrQplienylhydrazoiie — 5 gm. (0.03 mole) 
of bromopyruvic acid, were hydrolyzed with COO cc. of 0.1 N KOH, as de- 
scribed above, and 5.5 gm. (0.028 mole) of 2,4-dinitrophenylhydrazine in 
500 cc. of 2 N HCl were added. After being chilled overnight the semi- 
crystalline precipitate was filtered off, washed with 2 n HCl and water, 
and dried in vacuo over P1O5. The material, which was free of halogen, 
weighed 7.5 gm. (95 per cent on the basis of the 2,4-dinitrophenylhydrazine 
added) and melted at 158-100°. Crystallization from ethyl acetate, fol- 
lowed by the thorough I'emoval of the solvent at 0.1 mm. of Hg and 80°, 
gave 4.4 gm. of orange needles, melting at 162°. An additional amount of 
equally pure substance could be obtained from the mother liquor by cry.stal- 
lization from 3 volumes of ethyl acetate and 1 volume of ligroin (b.p. 
00-90°). A solution of the hydrazone in 80 per cent alcohol was titrated 
electromctrically with 0.01 N alkali. 

CsHsOjN. (284.2) 

Calculated. C 38.0, H 2.8, N 19.7, neutralization equivalent 284 
Found. “ 38.0, “ 2.8, “ (Dumas) 19.8, neutralization equivalent 282 

Reduction of Hydroxypynwic Acid 2 , 4 -Dinitrophcnylhydra 2 one to dl- 
Scrine — ^The procedure used was patterned after the method for the reduc- 
tion of phenylhydrazones (27). To 3 gm. (0.0105 mole) of the hydrazone 
dissolved in 100 cc. of 80 per cent ethanol tvas added aluminum amalgam 

(28) prepared from 10 gm. of aluminum turnings. The reaction mbtture 
became warm and was cooled in ice water with occasional shaking for 
30 minutes, followed by shaking at room temperature for 16 hours. The 
precipitate was centrifuged off and e.xtracted three times with boiling 
water; the solution was evaporated in vacuo to dryness and the residue 
extracted with hot water. The deep brown color of the combined aqueous 
e.xtracts (250 cc.) was removed by continuous extraction ivith ether for 3 
days. The water layer was treated with norit and the filtrate evaporated 
in vacuo to a very small volume. Addition of absolute alcohol produced 
300 mg. (27 per cent) of slightly colored crj’-stals decomposing at 240 . 
When a small sample was heated ivith p-nitrobenzoyl chloride in pyridine, 
followed by the addition of 10 per cent NajCOs, the strong pink color 
characteristic for serine in this general test for a-amino acids was observed 

(29) . The crude material, which was almost analytically pure, was dis- 
solved in 20 cc. of water and treated with charcoal (Darco G-60) in the 
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cold. The filtrate was concentrated in vacuo to a very small volume and 
an excess of absolute alcohol added when df-serine was obtained in the 
form of white crystals weighing 260 mg. 

C,H,OjX (105.1) 

Calculated. C 34.3, H 6.7, N 13.3 

Found. “ 33.9, “ 6.9, “ (Dumaa) 13.3, amino X 13.3, .amino acid X (30) 13.3 

3-Phenyl-o-htjdroxymethylhydanioin — ^The attempt to effect an additional 
characterization of the dZ-serine by conversion to a-hydroxymethyl-o- 
phenylhydantoic acid (31) led in our hands directly to the corresponding 
hydantoin (32). The same observation was made with an authentic 
specimen of dZ-serine. Analyses of both hydantoin preparations (respec- 
tively designated Hydantoins 1 and 2) are reported below. To 100 mg. 
of dZ-serine in 0.5 cc. of water 1 cc. of x NaOH and 0.10 cc. of phenyl 
isocyanate (in two portions) were added with cooling in an ice-salt mixture. 
The mixture was kept at 0“ for 1 hour, acidified with concentrated HCl, 
cleared by centrifugation, and concentrated to a small volume in an evacu- 
ated desiccator over P;Os. The precipitate was recrystallized from a 
small volume of water when crj'stals melting at 162-163° (Hydantoin 1) 
and 166-167° (Hydantoin 2) were obtained. A mixture of both specimens 
melted at 163-166°. 

CioHjoOjXj. Calculated. C 58.2, H 4.9, X 13.6 

206.2 Found, Hydantoin 1. “ 58.0, “ 5.0, “ (Dumaa) 13.3 

“ “ 2. “ 58.0, “ 4.9, “ ( “ ) 13.5 

Oxidation with Periodic Acid — 5 cc. of a freshly prepared 0.05 ix solution 
of sodium hydroxj'pyruvate were treated either ndth periodate, according 
to procedures (a) and {b), as described in the following paper (19), or under 
strongly acid conditions® with 1 cc. of 0.5 Ji periodic acid in the presence of 
10 cc. of water. In the last mentioned procedure the unused reagent was 
determined according to the method of Malaprade (33). In all e.xperi- 
ments the consumption of periodate was 0.95 to 1.0 mole per mole of hy- 
droxypyruvic acid, when acted upon by the reagent for 10 to 150 minutes. 
The oxidation products were 0.9 mole of formaldehyde (as the dimedon 
derivative melting at 189-191°) and 0.86 mole of oxalic acid. (Eor the 
isolation procedures, compare (19).) 

dl-^-Hydroxy-a-kelohulyric Acid 

dl-^-Bromo-a-kelohulyric Acid — a-Ketobutyric acid, which served as 
starting material, was prepared by hydrolysis (34) of ethyl etho.xalyl- 

* Since the 0.05 M hydro.xypyruvate solutions were also^0.05 it with respect to 
bromide, small amounts of bromine w*ere liberated by the periodic acid in the strongly 
acid solutions. These amounts were not sufficient, however, to influence the results. 
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propionate (35). Bromination of 51 gm. (0.5 mole) of keto acid, as de- 
scribed above, gave 87 gm. (96 per cent) of crude material. By crystalliza- 
tion from a mixture of 40 cc. of cliloroform and 120 cc. of ligroin (b.p. 
60-90°), 71 gm. of strongly hygroscopic white plates were obtained, which 
melted at 60° (determined in a closed tube). 

CiHiOjBr. Calculated. C 26.6, H 2.8, Br 44.1 
181.0 Found. “ 26.8, “ 2.8, “ 43.7 

dl-fi-Hydroxy-a-ketobuiyric Acid — Solutions of this acid were prepared by 
the careful addition (w'ith electrometric control) of 200 cc. of 0.1 N alkali 
(2 equivalents) to a solution of LSI gm. (0.01 mole) of dZ-/3-bromo-a-keto- 
butyric acid in 20 cc.. of water in such a manner as to maintain the pH 
between 7 and 8.5. 

dl-^-Hydroxy-oi-ketdbidyric Add 2 ,4-Dimtrophenylhydrazone — A solution 
of the acid (0.01 mole in a volume of 220 cc.), freshly prepared as described 
in the preceding paragraph, was cooled to 5° and a cold solution of 2.0 gm, 
(0.01 mole) of 2,4-dinitrophenylhydrazine in 300 cc. of 2 x HCl was added. 
The mixture was cooled overnight and the yellow precipitate washed with 
cold 2 N HCl and cold water. It weighed 2.6 gm. (87 per cent yield). 
Crystallization from 50 cc. of ethyl acetate gave 1.3 gm. of yellow needles, 
melting at 157-158°. 


CioH,oOrN4 (298.2) 

Calculated. C 40.3, H 3.4, N 18.8, neutralization equivalent 298 
Found. “ 40.4, “ 3.4, “ (Dumas) 18.7, neutralization equivalent 297 

Oxidation with Periodic Add — ^The oxidation of 5 cc. of a 0.05 M hydroxy- 
ketobutyric acid solution in the presence of 15 cc. of m sodium bicarbonate, 
with 1 cc. of 0.43 M sodium periodate, resulted in the consumption of 0.25 
mAi of the oxidant in 30 minutes. A similar oxidation of 1.25 mji of the 
keto acid yielded, by the isolation procedure described in the following 
paper (19), 0.181 gm. of calcium oxalate monohydrate (1.24 mM), which 
required 23.8 cc. of 0.1 N potassium permanganate for oxidation. 

For the isolation of the dimedon derivative of acetaldehyde, 25 cc. of 
the keto acid solution (1.25 mw) were oxidized with 4 cc. of 0.43 ai 
sodium periodate, in the presence of 15 cc. of ai sodium bicarbonate, in 
a tightly stoppered flask. Half an hour after ‘the addition of 1 cc. of 2 
AI sodium arsenite, in order to destroy unused o.xidant, the solution was 
made acid to methyl red with glacial acetic acid and 200 cc. of a 0.4 per 
cent dimedon solution Avere added. The acetaldehyde dimedon deriva- 
tive weighed 0.345 gm. and melted at 139°. The yield corre- 
sponded, after correction for solubility of the dimedon derivative, to 96 per 
cent of the expected amount. 
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Aclion of Strong Alkali on Hydroxypyrutric Acid 

Formation of Enediol — ^To 200 cc. of 0.05 ii hydrox 3 rpyruvate varying 
amounts of 9.16 n NaOH were added with shaking in a nitrogen atmos- 
phere.^ After 30 minutes 5 cc. samples were withdrawn, cooled, acidified 
with 2 N HCl, and titrated with a 0.1 n iodine solution. The formation of 
dihydroxyacrylic acid (III), progressing with the strength of the alkali 
imtU an enediol concentration of about 64 per cent is reached, is presented 
in Table I. The same results were obtained with solutions permitted to 
remain alkaline for 2 hours. 

Isolation of Glyoxalosazone—YortioDs (180 cc.) of the alkaline solutions, 
represented as Experiments 2 to 5 in Table I, were acidified with glacial 
acetic acid and treated with 3 cc. of phenylhydrazine in 50 per cent acetic 
acid at room temperature. Bulky brown precipitates were obtained in a 
few minutes and were filtered off after 1 hour. The crude dry products 
weighing 0.4, 0.9, 0.96, and 1.0 gm., respectively, were taken up in 25 cc. 
of absolute ethanol, decolorized with charcoal (Darco G-60), and crystal- 
lized by the addition to the filtrate of suflBcient water to produce a slight 
turbidity. The jnelds of the light yellow rectangular plates of pure glyoxala- 
sazone melting at 169° were 0.14, 0.30, 0.30, and 0.37 gm., respectively. 

CiiHnN,. Calculated. C 70.6, H 5.9, N 23.5 

238.3 Found. “ 70.4, “ 5.8, “ (Dumas) 23.5 

Oxidation of Enediol with Iodine; Isolation of Osazone of Mesoxalic Acid 
Semialdehyde — 0.05 n solution of hydroxypyruvic acid was made 0.8 N 
with respect to NaOH, as described above (Experiment 5, Table I). After 
the o.xidation with iodine, a portion of the solution, corresponding to 0.75 
mu of enediol, was treated with 3 cc. of phenylhydrazine in 15 cc. of 50 
per cent acetic acid. After 2 hours at room temperature the precipitate 
was filtered off and dried; it weighed 200 mg. and melted at 214-215°. 
Crystallization from chloroform gave 110 mg. of the orange osazone of 
mesoxalic acid semialdehyde (/) melting with decomposition at 222-223° 
(36). A mixture with a specimen obtained by the alkaline decomposition 
of cellulose nitrate (2) melted at 221-222°. 

CisHiiO-N,. Calculated. C 63.8. H 5.0, N 19.9 

282.3 Found. " 63.6, " 5.1, “ (Dumas) 19.9 

Action of Oxygen on Enediol — ^200 cc. of a 0.05 ii solution of sodium 
hydro.xyp 3 rruvate (10 mil) were placed in a hydrogenation flask, cooled in 
an ice bath, and made 0.85 n with respect to alkali by the addition, in an 
atmosphere of nitrogen, of 20 cc. of 9.4 n sodium hydroxide (which, as 
shown in Table I, brought about the formation of about 65 per cent of 

’ The alkaline solutions became golden yellow after a few minutes. .Icidification 
discharged the color. 
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enediol). After 30 minutes the flask was connected to a large gas burette 
filled with oxygen, the nitrogen was displaced by oxygen, and the flask 
was shaken for 45 minutes. The consumption of oxygen ceased after 10 
minutes when about 7 mM of oxygen had been taken up and the originally 
yellow color of the solution had disappeared. The remaining solution, 
which was now inert to periodic acid, contained IG milliequivalents of 
newly formed acids. 

The contents of the hydrogenation flask were made up to 250 cc. and 25 
cc. aliquots (corresponding to 1 mM of hydroxypyruvate) were acidified to 
methyl red with acetic acid. Oxalic acid was precipitated as the calcium 
salt, of which 90 mg. (0.70 mM) were obtained, requiring 12.9 cc. of 0.1 N 
KMnOi (calculated 14.0 cc.). A 100 cc. aliquot was brought to pH 1.5 
with sulfuric acid and extracted continuously for 40 hours with ether, the 
solvent in the boiling flask being placed over a few cc. of 10 per cent sodium 
carbonate. The alkaline layer was analyzed for formic acid by means of 
mercuric chloride (37, 38) ; it contained an amount corresponding to 0.62 
mole of formic acid per mole of hydroxypyruvate. 

Action of Weak Alkali {0.01 n) on Hydroxypyruvic Acid 

The solutions were prepared by adding 1 cc. of 10 N NaOH to 800 cc. of a 
0.05 M hydroxypyruvate solution in a nitrogen atmosphere. The fresh 
solutions had a pH of 11.6. 

The consumption of periodate (determined in 5 cc. aliquots) and produc- 
tion of oxalic acid and formaldehyde (determined in 20 cc. aliquots) were 
followed by the methods described in the following paper (19). 

Oxidative decarboxylation (19) was estimated from the amount of car- 
bon dioxide produced when 1 cc. of solution, 1 cc. of water, and 1 cc. of 0.43 
H sodium periodate were allowed to remain for 1 hour at room temperature 
in- the Van Slyke-Neill manometric apparatus. Spontaneous decarboxyla- 
tion was determined in the same manner with the omission of oxidant. 

When the 0.05 m hydroxypyruvate solutions were exposed at room tem- 
perature to 0.01 N alkali for 2 to 4 hours,® the consumption of periodate 
during 60 minutes rose to 1.5 to 1.7 moles per mole of keto acid initially 
present and remained at about 1.5 moles tliroughout the period of the 
experiment recorded in Table II, which summarizes the data on the course 
of the transformation of hydroxj-pyruvic acid by weak alkali. 

The alkalization of solutions of hydroxypyruvic acid with Ba(OH) 3 , 
the direct hydrolysis of bromopyruvic acid with an excess of baiyta (pH 

® In contrast to the experiments carried out with strong alkali, no glyoxalosazone 
or afty other definite derivative could be isolated upon the treatment of hydro.xy- 
pyrii^ate solutions, exposed to 0.01 n alkali, with phenylhydrazine or 2,4-dinitro- 
phenylhydrazine. Enediol formation was minimal under these conditions. (Com- 
pare Experiment 1 in Table I.) 
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11), or the addition of barium salts to weakly alkaline solutions of hydroxy- 
pyruvic acid yielded an insoluble amorphous barium salt containing Ba 
45.7, C 18.7, H 1.3 (corrected for a water content of 9.4 per cent in the air- 
dried material). 

A molar solution of hydroxypyruvic acid (50 cc.), prepared by concen- 
tration as described before, was held at pH 11 for 14 hours at room tem- 
perature. 1 XI equivalent of sodium chlorite was then added (39) and the 
solution maintained for 7 days at pH 5 to 7 by the addition of acetic acid. 
The white precipitate produced bj' the addition of calcium chloride to the 
solution (freed of ClOi by evacuation at room temperature) weighed 1.5 
gm. and contained Ca 18.9, C 26.6, H 2.3 (corrected for a water content of 
13.2 per cent in the air-dried sample). The calcium salt reduced hot 
Benedict’s solution. This salt consumed, after the removal of calcium, 3 
moles of sodium periodate and produced 0.8 mole of oxalic acid and 1.2 
moles of carbon dioxide per atom of Ca. The oxidation and other analyti- 
cal data are in fair agreement with those for the calcium salt of a2-keto-3,4- 
dihydroxyglutaric acid (calculated, Ca 18.6, C 27.8, H 1.9). 

Our indebtedness to ilr. W. Saschek for the microanalyses is gratefully 
acknowledged. 


SUXIXIARY 

The synthesis of |3-hydro.xy-a-keto acids was achieved by the careful 
hydrolysis of the corresponding /5-bromo-a-keto acids. Bromopyxuvic 
and dZ-jS-bromo-a-ketobutyric acids yielded solutions of hydro.xypyruvic 
and dZ-^-hydroxy'-a-ketobutyric acids respectively. The 2,4-dimtro- 
phenylhydrazone of bromopyruvic acid could be converted into the corre- 
sponding derivative of etho.xypyruvic acid. 

Both hydroxyketo acids gave crystalline 2,4-dinitrophenylhydrazone3. 
The structure of synthetic hydroxypyruvic acid was proved through its 
cleavage by periodic acid to formaldehyde and oxalic acid and by' the reduc- 
tion of its dinitrophenylhydrazone to dZ-serine. Similarly, periodic acid 
produced acetaldehyde and oxalic acid from hydro.xy'ketobutyric acid. 

In the presence of strong alkali (0.8 x) hydroxypy'ruvic acid quickly 
formed the enediol, dihydroxyacrylic acid, which could be made to yield 
glyo.xalosazone or, after oxidation with iodine, the phenylosazone of mes- 
oxalic acid semialdehyde. 

The exposure of hydroxypy’ruvic acid to weak alkali (0.01 x) produced a 
rapid and complex series of tautomeric changes and condensations. The 
nature of the reaction product is discussed in detail, and the evidence for 
its formation by' an aldol condensation, perhaps analogous to that imder- 
gone by glyceraldehyde under similar conditions, is presented. Some im- 
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plications with respect to the biological significance of the reactivity of 
hydroxypyruvic acid are indicated, 
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ON OXIDATIVE DECARBOXYLATIONS WITH PERIODIC ACID* 

Br DAVID B. SPRDfSONf .und ERWIX CHARGAFF 

{From the Department of Biochemistry, College of Physicians and Surgeons, Columbia 
Unitersity, New York) 

CReceivfid for publication, MarcK 29, 1946) 

The behavior of hydroxypyruvic acid, CH.OH-CO-COOH, and some 
of its transformation products toward periodic acid, treated in detail in 
the preceding paper (1), suggested an orienting study of the action of 
this oxidant on glyoxylic acid, CHO-COOH, and other a-keto acids or on 
compounds giving rise to such keto acids, following oxidation by periodate. 

While a-glycols, a-ketols, a-diketones, and a-keto aldehydes are oxidized 
by periodic acid, a-keto acids are assumed to be inert to this reagent imder 
the conditions commonly applied. (Compare the survey of the literature 
in (2).) Tartaric acid is reported to consume only 1 mole of periodic acid 
(3, 4); the further oxidation of the resulting 2 moles of glyo.xylic acid to 
formic acid and carbon dioxide is claimed to require 36 to 48 hours for com- 
pletion at room temperature (5). The very slow development of carbon 
dioxide (within 1 ,to 4 days) in the course of the oxidation of keto sugars 
by periodic acid has been attributed to the gradual breakdown of the 
glyoxylic acid arising as a primary product of the oxidation (6). Simi- 
larly, glyoxylic acid originating from the action of periodate on /3-hydroxy- 
a-amino acids has been reported to be slowly attacked by the oxidant (7), 
though this action was shown to proceed at a faster rate in the presence of 
weak alkali (8). Pyruvic acid likewise is degraded slowly (9). 

The following discussion will attempt to illustrate the extent to which 
the oxidative decarboxylation by periodate of a-keto acids and compounds 
giving rise to them may be useful as-a diagnostic method. Tartaric acid, 
as the most thoroughly investigated example of a polyhydroxy acid, will 
be taken up first, followed in turn by various a-keto acids, hj'droxyamino 
acids, polyhydroxy acids, keto sugars, polycarbonyl compounds, and 
malonic and tartronic acids. 

Oxidalion of d-Tariarie Acid 

Periodate Consumption — A closer study of the oxidation of tartaric acid 
by periodate showed it to be dependent upon the concentration of the oxi- 

• This work has been supported by a grant from the John and llary R. Markle 
Foundation. 

t This report is from a dissertation submitted by David B. Sprinson in partial 
fulfilment of the requirements for the degree of Doctor of Philosophy in the Faculty 
of Pure Science, Columbia University. 
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dant, the pH of the reaction mixture, and the temperature. The results 
are summarized in Table I. Since the primaiy oxidation of tartaric acid 
as an a-glycol is very rapid (5), these experiments furnish an indication of 
the rates at which glyoxylic acid is oxidized under various conditions. 

Table I 


Consumplioji of Periodate by Tartaric Acid 


E.Tpcrimcnt 

No.* 

Diluent 

Oxidant 

Initial molar 
ratio of oxidant 
to tartaric 
acid 

Duration of 
oxidation 

Oxidant con- 
sumed per 
mole of tartaric 
acid 

1 

.M NallCOa 

HIOi 

2.2 

min. 

25 

moles 

1.9 

2 

(i (( 

tt 

2.2 

45 

2.0 

3 


It 

4.3 

20 

2.8 

4 

<< i( 

tt 

4.3 

30 

2.9 

5 

<i (( 


4.3 

60 

3.0 

6t 

< ( it * 

tt 

2.2 

10 

1.0 

7t 

(( ti 

tt 

2.2 

20 

1.1 

8 

0.13 N HaSO, 

tt 

2.2 

5 

0.68 

9 

0.13“ 

tt 

2.2 

10 

0.84 

10 

HjO 


2.2 

5 

1.1 

11 


tt 

2.2 

15 

1.1 

12 



2.2 

30 

1.3 

13 

( ( 

tt 

4.3 

120 

2.2 

14 

it 

NalO. 

1.7 

30 

1.3 

15 

ii 

it 

3.6 

30 


16 

H 

It 

3.6 

60 


17 

<. 

It 

3.6 

90 



* 1 mole of tartaric acid requires 1 mole of periodate for the production, and addi- 
tional 2 moles for the o.xidation, of glyoxylic acid. In each experiment 5 cc. of 0.05 
M solution of tartaric acid, 15 cc. of the diluent indicated, and 1 or 2 cc. of 0.54 ji 
HIO i or of 0.43 m NalOi were used. The oxidation was, with the exception of Ex- 
periments 6 and 7, carried out at room temperature. In Experiments 1 to 7 the excess 
periodate was determined by the method of Fleury and Lange (10) . In E.xperiments 
8 to 17 the excess periodate was determined in acid solution, according to Malaprade 

(3). 

t In these experiments the oxidation was carried out at 5°. 

In sodium bicarbonate solution containing a moderate excess of oxidant, 
tartaric acid consumed almost 3 moles of periodate at room temperature 
in 20 to 30 minutes (Table I, Experiments 3 to 5). Even with glyoxylic 
acid in excess, rapid oxidation occurred (Experiments 1 and 2). At 5° 
or in strongly acid solution (Experiments 6 to 13) the secondary oxidation 
was slowed down considerably, while in weakly acid solution (sodium 
periodate solutions have a pH of about 4) intermediate effects were ob- 
served (Experiments 14 to 17). 
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Carbon Dioxide Prodiiclicn — ^When the reactioa is performed with a 
large excess of sodium periodate, tartaric acid can be made to jield, in 
the Van Slj’ke-Neill manometric apparatus, 2 moles of carbon dioxide in 
10 minutes (Table IV, Kxperiment 3)d The procedure described in the 
experimental part invariably yielded easily reproducible results. Xo 
carbon dioxide was liberated from formaldehyde and formic, glycolic, 
lactic, and o.xalic acids under the conditions employed. 


Table II 

Oxidation of a-Kelo Acids by Periodic Acid 


Experi- 

ment 

Xo. 

Substance 

Consumption of periodite* 

Decar box> laticat 

Imltal 
molar 
ratio of 
oxidant to 
substance 

DuralicQ 
of oxi- 
dation 

Oxidant 
consumed 
per mole 
of sub- 
stance 

Duration 
of oxida- 
tion 

Carbon 
dioxide 
formed 
per mole 
of sub- 
stance 




ffitn. 

moles 

ni« 

mole 

1 

Glyoxj-lic acid 

1.8 (6) 

60 

0.97 

10 

1 0 

2 

Pyruvic acid 

1.8 “ 

120 

0 28 

10 

0 26 

3 

<< 4C 




30 

0 53 

4 

Hydrox)-pyruvic acidt 

2 1“ 

30 

1 0 

10 

0 05 

5 

Mesoxalic acidf 

1 5 (a) 

20 

1 0 

10 

1 0 

6 

a-Ketobutyric acid 

2 0 (6) 

120 

0 36 

10 

0 34 

7 

d-Hydro\y-a-ketobutyric acidf 

17“ 

30 

1 0 

10 

0 03 

8 

a-Ketoglutaric acid 

1 8 “ 

120 

0 23 

10 

0 17 

9 

2-ICeto-rf-glucomc acid§ 

5 7 (a) 

90 

3 5 

10 

0 14 

10 

tt t< 

9 2(b) 

90 

4 0 



11 

2-Keto-/-guloDic acid§ 

5 7 (a) 

90 

3 4 

10 

0 13 

12 

it tt 

9 2 (6) 

90 

4 0 




* The conditions under which the oxidations were carried out are indicated as 
follows: (a) = weakly acid (sodium periodate, about pH -1), (5) = neaklj' basic 
(periodic acid in excess sodium bicarbonate). For the details, also with respect to 
analytical procedures, see the experimental part. 

1 1 cc. each of solution, of water, and of 0.-43 ii sodium periodate in the Van Slyke- 
heill manometric apparatus. 

t Compare the preceding paper (1) for a detailed discussion. 

§ Additional data on the oxidation mechanism in the experimental part. 

Oxidation of a-Kcto Acids {Table II) 

The rates of the oxidative cleavage of a-aldehydo and a-keto acids by 
periodic acid revealed no definite regularity. Two compoimds stood 
out by the readiness with which tliey were decarboxylated oxidatively; 

‘ It should be clearly understood that the determinations of periodate consump- 
tion and carbon dioxide production, though placed side by side in Tables II to \ II 
for reasons of brevity and convenience, represent two independent sets of experi- 
ments. 
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namely glyoxylic and mesoxalic acids.* The solution of glyoxylic acid 
employed, which was 0.3 m with respect to its aldehyde content, consumed 
0.29 mole of periodic acid and produced 0.28 mole of carbon dio.xide. 
Mesoxalic acid, COOfTCO-COOH, likewise reacted very rapidly with 
the consumption of 1 mole of oxidant and the formation of 1 mole each of 
oxalic acid and carbon dioxide. Pyruvic, a-ketobutyric, and a-ketoglutaric 
acids reacted much less readily with respect to both the consiuaption of 
periodate and the production of carbon dioxide; but it will be noted that 
the extent of decarboxylation of these substances still was greater than 
that of simple /3-hydroxyketo acids (compare Experiments 2, 3, 6, Table 
II, with Experiments 4 and 7).. 

In an attempt at a general formulation of the oxidation of a-keto acids 
by periodic acid, these compounds would, therefore, appear to behave as 


Table III 

Oxidation of ^-Hydroxy-a-amino Acids by Periodic Acid 


Expeti- 

ment 

No. 

Substance 

Consumption of periodate* 

Decarboxylation* 

Initial molar 
ratio of 1 
oxidant to 
substance 

Duration of 
oxidation 

Oxidant 
consumed 
per mole of : 
substance { 

Duration of 
oxidation 

Carbon diox- 
ide formed 
per mole of 
substance 




mirt. 

moles 

mm. 

mole 

1 

dl-Serine 

2.9 (a) 

60 

2.0 

10 

1.0 

2 

(i 

3.8 (6) 

60 

1.9 



3 

dl-Threonine 

2.9 (a) 

60 

2.0 

10 

1.0 

4 

1 

3.8 (6) 

60 

2.0 

i 



* See Table II for the explanation. 


though they were a-diketones, giving rise to two acids by oxidative decar- 
boxylation; 

HIO 

R-CO-COOH R-COOH + CO(OH)j 

It is evident from what is known of this reaction that in substances 
possessing two or more functional groups that may compete for the oxidiz- 
ing agent, e.g. in ^-hydroxy-a-keto acids, the much more rapid rate at 
which the a-ketol structure is attacked will make this type of cleavage 
prevail. Hydro.xypyruvic and /3-hydroxy-a-ketobutyric acids react as 
a-ketols (1). 2-Keto-d-gluconic and 2-keto-Z-gulonic acids consume 4 
moles of periodate and give rise to only little carbon dioxide. 

=• It is noteworthy that these keto acids are known to form stable hydrates. The 
oxidative cleavage of a-keto acids by lead tetraacetate in the presence of hy- 
droxyl-forming substances was studied by Baer (11). 

















Oxidation of d-Hydroxy-a-amino Adds (Table III) 

tfZ-Serine and dZ-threonine consumed 2 moles of periodate under weakly- 
alkaline or weakly acid conditions with the production of 1 mole of carbon 
dioxide from the glyoxylic acid arising from the instantaneous cleavage 
of the amino acids. 


Table IV 

Oxidation of Polyhydroxy Acids by Periodic Acid 


Experi- 

ment 

Xo. 

Substance 

Consumptio 

a of penodite* 

Decarboxylation* 

Initul molnr 
ratio of 
ozidxnt to 
substance 

Duration 
of 0X1- 
daLoa 

Oxidant 
coa- 
simed 
per mole 
of sub- 
stance 

Duration 
of oxi- 
dation 

Carbon 
d.oxide 
formed 
per mole 
of sub- 
stance 




mta. 

tables 

mitt. 

acUs 

1 

Glyceric acid 

3.5 (a) 

60 



1.0 

2 


4.4 (6) 

60 




3 

Tartaric “f 

4.3 “ 

60 


10 

2.0 

lj 

Dihydroxymaleic acidj 

3.2 “ 


2.0 



5 

d-Gluconic acid 

7 3“ 

60 

5.0 


1.0 

6 

5-Keto-d-gluconic acidf 

5.7 (al 

90 

3 6 

10 

0 33 

7 


7 3 (6) 

90 

3.9 

20§ 

0.73 

8 

d-Glucuronic acidt 

14 3 (a) 

60 

4 6 


0 3 

9 

l( it 

7 3 (6) 

60 

4 9 

120 

0.9 

10 

Mucic acid 

11 0 “ 

60 

4 9 


2 0 

11 

d-Saccharic acid 

8 6 (a) 

60 

5 0 


2 0 


* See Table II for the explanatioa. 

t Compare Table I for more details on periodate consumption. 

t .Additional data on the o.xidation mechanism in the experimental part. 

§ 1 cc. of the solution was treated for 10 minutes with 1 cc. of sodium periodate 
solution. Then 1 cc. of 0.1 N sodium hydroxide was added and the reaction con- 
tmued for 10 more minutes. The value is corrected for a small alkali blank. 

Oxidation of Polyhydroxy Adds (Table IV) 

In order to avoid the complications brought about by the possible pres- 
ence of lactone bridges, the neutral solutions of the polyhydroxy acids were 
subjected to oxidation. Glyceric, mucic, d-saccharic, and d-gluconic acids 
consumed oxidant and produced carbon dioxide, in accordance with the 
number of molecules of glyoxylic acid formed in their oxidation, and at a 
rate similar to that observed with tartaric acid. 

Dihydroxymaldc add (I) consumed 2 moles of periodate very rapidly, 
yielding 2 moles of oxalic acid. 1 mole of the oxidant was presiunably 
used for the production from the enediol (I) of the dicarbonyl compound 
(II) and another mole for its cleavage to o.xalic acid. 
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GOOH-COH=COII-COOI£ — — — > 

(I) 

COOH-CO-CO-COOH — — 2(COOH)s 

(II) 

5-Keto-d-(jluconic-acid reacted in a manner which is difficult to interpret 
(Experiments 6 and 7, Table IV). It consumed about 4 moles of periodate 
and gave rise to no more than 0.33 mole of carbon dioxide under normal 
conditions. In the presence of alkali the extent of oxidative decarbo.xyla- 
tion was increased (Experiment 7). Following an oxidation for 24 hours, 
when 4.25 moles of periodate had been consumed, 0.18 mole of formalde- 
hyde and 0.46 mole of oxalic acid were produced. If this keto acid is 
formulated as having the open chain structure, it should have reacted 
either via a trihj^droxyglutaric acid, consuming a total of 5 moles of o-xidant 
to give rise to 1 mole of formaldehyde and 2 moles of carbon dioxide, or 
by the Ava}’’ of a cleavage to glycolic acid and tartaric acid semialdehyde, 
in Avhich case the consumption of 4 moles of periodate should have been 
accompanied by the formation of 1 mole of carbon dioxide. 

The experimental results, especially the production of oxalic acid, are in 
better agreement with the assumption that 5-keto-d-gluconic acid reacts 
in the main as a furanoid compound (III). The principal pathway of 
oxidative degradation, Avhich entails the formation of oxalic- acid, could be 
formulated as proceeding through a series of esters (IV, V). The postu- 
lated ^replacement of the active hydrogen (marked with an asterisk) in 
the glycolic acid ester (IV) by a hydroxyl is in agreement AAuth the recent 


COOH- CH- CHOH- CIIOH- COH- CH.OH - > 

(III) 


HCOOH 4- COOH CH*-CHO CO-CH:OPI — » 

(IV) 


' ' lOi- 

COOH-COH-CHO CO-CH-OH — > 

(V) 

(COOH). -f CH.OH- COOH -f HCOOH 

observations of Huebner ct al. (12) and Avith analogous findings of Hockett 
and collaborators in oxidation experiments Avith lead tetraacetate (13). 
d-Glucuronic acid (VI) reduced about 5 moles of periodate and produced 
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almost 1 mole of carbon dioxide, although rather slowly (Experiments 8 
and 9, Table IV). Following an oxidation with sodium periodate for 24 


CHOH • CHOH ■ CHOH • CHOH- CH - COOH 
(VI) 

hours, 0.5 mole of oxalic acid was isolated. The yield of oxalic acid, lower 
than in the case of bomyl-d-glucuronide in which almost 1 mole was 
isolated (12), and the production of carbon dioxide fiumish an indication 
that the replacement of an active hydrogen by a hydroxyl cannot be the 


T.\ble V 

Oxidation oj Ketoses by Periodic Acid 


Espen- 
mcQt No 

SubaUCCe 

ConaumpttoQ of periodate* 

Decarboxylation* 

1 lnitu.1 moUr 

1 ratio of 

1 oiidant to 

1 subataoce 

1 

1 Duration of 
; oxidation 

1 

Oxidant 
contained 
per mole , 
of subikUnce 

Duration of 
ox.dat.oa 

1 Carbon diox- 
ide formed 

1 per mole of 
s..b»tance 




1 atn 

1 eulcj 

Bt9. 


1 

1 d-Fructose 

8 8 (a) 

' 90 1 

1 3.9 

60 


2 

44 

7.3 (6) 

1 90 ' 

4.8 

20t 


3 

1-Sorbose 

8 6 (a) 

1 90 

1 3 8 

60 


4 

i( 

9 2 (6) 

1 90 

4 8 

20t 


0 

wiMO-Inososc 

5 7 (a) 

1 90 

1 5 5 



6 

1 “ 

8.6 “ 

j 90 

5 6 

60 


7 

1 ** 

j 9 2 (6) 

90 

6 1 

1 

20t 



* See Table II for the explanation. 

1 1 cc. of the solution was treated for 10 minutes with 1 cc. of sodium periodate 
solution. Then 1 cc. of 0.1 n sodium hydroxide was added and the reaction con- 
tinued for 10 more minutes. The value is corrected for asmall alkali blank. 

only pathway by which the oxidative degradation of imconjugated glu- 
curonic acid is achieved. A portion of this acid obviously reacts in a 
different way, perhaps xda a partial hydrolysis of the formic acid ester of 
tartronic acid semialdehyde, formed by the oxidation of VI, and further 
oxidation to glyoxy^lic acid. It cannot yet be decided whether the condi- 
tions under which the decarboxylation axperiments are carried out in the 
Van Slyke-NeUl manometric apparatus (large excess of oxidant, presence 
of mercury) favor the latter type of degradation. 

Oxidation of Ketoses {Table T'^) 

d-Fruclose and l-sorbose consume 3.8 to 3.9 moles of oxidant, when e.x- 
posed to aqueous sodium periodate, whereas 4.8 moles are reduced in the 
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same period if the oxidation is carried out in bicarbonate solution. Al- 
most no decarboxylation is observed under ordinary conditions, even by 
prolonged oxidation. In the presence of weak alkali, however, 0.7 and 0.8 
moles of carbon dioxide are produced from fructose and sorbose respectively 
(Experiments 2 and 3, Table V). The production from fructose of 0.7 
mole of carbon dioxide is in good agreement with the isolation of 1.7 moles 
of formaldehyde (14). 

The various findings can best be reconciled if it is assumed that the major 
part (70 to 80 per cent) of the keto sugar (VII) is oxidized to the glyoxylic 
acid ester (VIII), which then gives rise to carbon dioxide. A possible 
side reaction (20 to 30 per cent of the ketose), involving the intermediary 
formation of a glycolic acid ester (IX), would explain the deficits observed 


I “ 1 

CO- CHO CHO- CHj 
(VIII) 


CHjOH- COH . CHOH - CHOH • CHOH • CHi 
(VII) 




\ 




CHjOH-CO CHO-CHi 
(IX) 


in the production of both carbon dio.xide and formaldehyde and in the 
total consumption of periodate. 

meso-lnosose (X) reduced 6 moles of periodate rapidly in bicarbonate 


OH H OH H OH 

I I I I I 

rC— C— C— C— C-j 

I I I I I 

H OH H OH H 


-CO- 

(X) 


solution; in weakly acidic solution the reaction was less complete. The 
production of carbon dioxide (0.8 mole in 1 hour) was not affected by the 
addition of alkali. 


Oxidation of Polycarbonyl Compounds (Table VI) 

Rhodizonic acid (XI) consumed 4.35 moles of tjie oxidant and yielded 
2.3 moles of o.\'alic acid and 1.15 moles of carbon dioxide. The very rapid 
reaction was accompanied by the instantaneous loss of color. The relative 
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proportions of oxalic acid and carbon dioxide isolated and the amount of 
oxidant used are in agreement with the assumption that the intermediate 


Table VI 

Oxidalion of Polycarbonyl Compounds by Periodic Acid 


Eiptr!- 

ISfOt 

No. 

’ j 

Substance 

^ Consumption of periodate* 

Decarboxylation* 

Initial molar 
ratio of 
oxidant to 
substance 

Dtmtioa 
of oxi- 
dation 

Oxidant 
consumed 
per mole 
of sub- 
stance 

Duration 
of oxi* 
dalioa 

Carbon 
dioxide 
fomied 
per mote 
of ssb- 
stance 

1 

1 

1 

min. 

meJei 

ais. 

acits 

1 

Dipotassium rbodizonatef 

6.0 (a) 

so 

4.35 

lot 

1.15 

2 

(( 




3o: 

1.15 

3 

Dipotassium croconatef 

5.8 “ 

so 

4.0 

10 

1.03 

4 

(« << 

7.3 (6) 

90 

4.1 

20 

1.03 

5 

Triketohydrindene hydrate 

2.9 (a) 

10 

1.0 

10 

0 

6 

it tt 

2.9 “ 

60 

1.0 

20 

0 

7 

n «< 

2.9 (b) 

60 

1.0 




* See Table II for the explanation. 

t Additional data on the oxidation mechanism in the experimental part . 

J The potassium rhodizonate powder (0.02 mat) was weighed into the cup of the 
manometric apparatus, washed into the chamber with 2 cc. of water, and oxidized 
with 1 cc. of 0.-13 ii sodium periodate in the usual manner. 

triquinoyl is further degraded in two ways; namely, partly through mes- 
oxalic acid to oxalic acid and carbon dioxide, partly to oxalic acid directly. 

Croconic acid (XII) reduced 4 moles of periodate and yielded 1.9 moles 
of oxahe acid and 1.03 moles of carbon dioxide. As in the reaction scheme 
previously discussed for compound I, the enediol apparently first consumed 
1 mole of oxidant, accompanied by the fading of the yellow color of XII, 
to form leuconic acid (XIII), which then was further degraded via mes- 
oxalic acid. 

Triketohydrindene hydrate (XIV) consumed exactly 1 mole of periodate; 
no carbon dioxide was formed in the reaction. The oxidation presumably 
stopped with the formation of phthalonic acid. 
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O 0 

(XII) (XIII) 


(COOII): 


+ COOH-COCOOII 

A c=o 



(COOH)j + CO: 


^\C/C(OH). 


o 

(XIV) 


Oxidalion of Malonic and Tarlronic Acids {Table VII) 

The treatment of these acids with periodate resulted in the production 
from both compounds of 2 moles of carbon dioxide in 2 hours. The con- 
sumption of periodate proceeded rather slowly. Malonic acid reduced 3 
moles of the o.xidant, tarlronic (hydroxymalonic) acid 2 moles. Neither 
compound formed oxalic acid. A possible reaction mechanism could be 
based on the assumption that the replacement of an active hydrogen by a 
hydroxyl (12) resulted in the conversion of malonic to tartronic acid, 
which then was further degraded via glyoxylic acid. 

COOH-CH:-COOn — , COOH- CHOH- COOH — 

CO: -h CHO-COOH - HCOOH + COj 

The findings presented in the preceding pages show the liberation of 
carbon dioxide in the course of oxidations with periodate to be an indication 
of the presence, or the formation, of glyo.xylic or raesoxalic acid in the 
oxidation mixture. With many compounds the results are entirely un- 
equivocal. Difficulties of interpretation are, however, encountered occa- 
sionally in substances, such as the keto sugars, possessing stable oxygen 
bridges in which the esters resulting from the primaiy attack of the oxidant 
may be susceptible of multiple secondary degradation. Much additional 
work along these lines obviously is necessary. With respect to the detec- 
tion of glyo^Iic acid formed by the action of periodic acid it should be 
understood that the concentration of pei’iodate will, in certain cases, affect 
the rate of oxidation considerably. For instance, in the investigation of 
compounds, such as 2,3-dimethylmannosaccharic acid (15) or 2,3-di- 
methylmucic acid (16), that require only 1 mole of, and react rapidly with, 
periodic acid, the glyoxylic acid which is produced appears to remain 
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unattacked in the absence of an excess of periodate. This is especially 
true of lactones that give rise to stable esters of glyoxj'lic acid following 
oxidation with periodate (17, 18). 

EXPK HnfRV TAT. 

Material 

The compounds listed here are given in the order in which they appear 
in Tables II to VII. All other substances were commercially available 
pme preparations. 

Glyoxylic acid was prepared in solution according to Benedict (19) by 
the reduction of oxalic acid by magnesium powder, followed by the e.xtrac- 

T.able ATI 


Oxidation of Malonie and Tarlronic Acids 



! 

Consoniption of penodatc* ^ 

1 Decarbox>latIont 

Experiment 

No. 

Sub;tUnce 

IniLut ciotir 
ratio of ' 

oxidant to 
substance ' 

1 

I 

1 Danuon 
of oxidation 

1 

Oxidant 
cozisuined 
per mote 
of sub> 
stance 

1 Duration : 
of oxidatun 

Carbon 
dioxide 
formed per 
mo'eof 
substance 



1 

1 nin 

vtilts I 

nin. 

rules 

1 

Malonip acid 

2 9 (a) 

ISO 

1.2 1 


1.93 

2 

H H 

0 S ** 

1140 

3.1 1 

1 


3 

Tartronic acid 

4 3“ 

120 

1 5 1 


1.90 

4 

(( <4 

4 3“ 1 

1 240 

‘ 1.6 , 


1 1 96 

5 

44 44 

51 “ j 

1140 


! 

1 



* See Table II for the explanation. 

1 1 cc. of solution and 2 cc. of 0 -43 ii sodium periodate in the Van Slyke-Xeill 
nianometric apparatus. 


tion of the reaction mixture with ether. The resulting solution was 0.66 
X with respect to total acid content (glyoxylic and glycolic acids) and 0.3 
M with respect to aldehj'do acid content (20). We are indebted to Dr. 
P- K. Stumpf for this solution. 

The preparation of hydroxypyruric, a-kelohulyric, and 0-hydroxy-a-Jxto- 
biUyric acids has been discussed in the preceding paper (1). 

Mesoxalic acid was obtained through the courtesy of Dr. D. E. Green. 
a-Kdoglutaric acid, m.p. 113-114°, was sjmthesized by a method soon to 
be presented by Alartell and Herbst (private communication). 

S-Kelo-d-gluconic acid, employed as'the sodium salt, was prepared irom 
the corresponding calcium salt trihydrate.’ 

^ * We are highly indebted to Dr J. A. .-Veschlimann of Hoffmann-La Roche, Inc., 
Xutley, Xew Jersey, for these specimens, as well as for samples of 2-keto-/-gulonic 
and d-glucuronic acids, potassium acid d-saccharate, and f-sorbose. 
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Sodium B-kelo-d-(jluconale was prepared from the calcium salt {22-H5O)* 
by prolonged shaldng with the required amount of sodium oxalate. The 
conversion was complete, as was shown by the weight and oxidimetric 
titration value of the resulting calcium oxalate. 

mcso-Inosose was prepared by the action of Acelobader suboxydans 
(American Type Culture Collection No. 621) on 7n«5o-inositol (21, 22) 
and purified through its phenylhydrazone (22), m.p. 182° (with decom- 
position). The purified ??!aso-inosose melted with decomposition at 
199-200°. 

Difotassium rhodizonale was prepared from 77icso-inositol (23). 

CjOjKi (2-10.3). Calculated, C 29.3, K 31.8; found, C 29.0, K 32.1 

Dipolassium croconate was synthesized from rhodizonic acid (24). 

Tarlronic acid was prepared from dihydroxy tartaric acid (25). A sus- 
pension of 5.6 gm. of sodium dihydroxytartrate in 60 cc. of water was kept 
at 80° with stirring for'l hour, when complete solution had taken place. 
The calcium tartronate, precipitated with 24 cc. of xx calcium chloride, 
had a dry weight of 3.0 gm. The solution of the dry material in 6 cc. of 20 
per cent hydrochloric acid was extracted eight times with 20 cc. portions 
of ether (26). 1 gm. of crude tartronic acid was recovered from the 

ethereal solution; reciystallization from absolute ether 3delded 0.3 gm. 
of tartronic acid, melting at 160-162° (with decomposition); molecular 
weight (by titration) 116; required by CaH^Os, 120. 

Reagents 

Nearly 0.54 m HIO 4 solutions were prepared by dissolving 12.5 gm. of 
crystalline HI04-2H20 per 100 cc. of solution. A similar amount of 
nearly 0.43 M NalOi was prepared from 9.5 to 10.0 gm. of sodium meta- 
periodate.'* The solutions were allowed to stand overnight or longer and 
filtered on a fritted glass funnel to remove a small precipitate. They were 
then standardized against 0.1 n arsenite solution. 

Determination of Periodate Conswnption 

The procedures followed in the oxidation of tartaric acid are described 
in Table I. 

In e.\'periments with other substances (Tables II to VII, in which condi- 
tions and amoimts employed in each case are indicated) 1 to 10 cc. of a 
0.01 to 0.03 M solution were treated by one of the two following methods. 
In procedure (o) the oxidation was carried out with 0.43 m sodium periodate 
in the presence of 15 cc. of water; then a few cc. of M sodium bicarbonate 

< Paraperiodio acid and sodium metapcriodate were obtained from the G. Frederick 
Smith Chemical Company, Columbus, Ohio. 
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were added, followed immediately by 1 cc. of 20 per cent potassium iodide. 
In procedure (6) after o.xidation with 0.54 ii periodic acid in the presence of 
15 cc. of II sodium bicarbonate 1 cc. of 20 per cent potassium iodide was 
added. The liberated iodine was, in both procedures, titrated with 0.1 x 
arsenite (27, 28). 

Determination oj Carbon Dioxide Production 

1 cc. of solution (0.03 or 0.01 m when 1 or 2 moles of carbon dio.xide 
respectively are liberated) is measured into the chamber of the Van Slyke- 
Neill manometric apparatus. This is followed by 1 cc. of water and 1 cc. 
of NalOi solution. The mercury is lowered to the bottom of the chamber, 
returned slowly into the chamber, and then lowered to the 50 cc. mark. 
After being shaken for 15 seconds, the chamber contents are allowed to 
stand for the stated time. The COi is now liberated with 1 cc. of 2 x 
acetic acid,“ absorbed by 0-5 cc. of 5 x XaOH, and the Pco. determined 
in the usual maimer (29, 30). Mg. of carbon were calculated by multi- 
plying by the factors given in (28). The values so obtained were used to 
calculate the moles of COj, which are reported in Tables II to VII. Al- 
though these factors have been arrived at under somewhat different experi- 
mental conditions, their adequacy for the present purpose was demon- 
strated in e.xperiments with tartaric acid as a test substance. Each 
e.xperiment was carried out at least in duplicate. The results invariably 
showed very good agreement. 

Additional Data on Oxidation Mechanisms; Determination of Oxalic 
Acid and of Formaldehyde 

Determination of Oxalic Acid — ^For the determination of oxalic acid 
an aliquot of the oridation mixture was acidified with 2 x hydrochloric 
acid, and 7.5 ii hydriodic acid was added (31) in an amount sufficient to 
reduce both the remaining periodic and the formed iodic acids. Iodine 
was removed by filtration and, from the filtrate, by the necessary amoxmt 
of ii sodium thiosulfate. From the solutions, neutralized with concen- 
trated ammonia followed by acidification (to methyl red) with glacial 
acetic acid, o.xalic acid was precipitated as the calcium salt. This salt 
then was either analyzed both gravimetrically (as the monohydrate) and 
oxidimetrically (with standard potassium permanganate) or dissolved 
directly in 2 x sulfuric acid and subjected to a permanganate titration. 

Determination of Formaldehyde — ^An aliquot of the oxidation mixture 
was made alkaline with sodium bicarbonate and unused periodate de- 
stroyed with 2 11 sodiiun arsenite. The solution was made acid to methyl 
red with acetic acid and the formaldehyde precipitated and estimated as 

‘ The use of 2 n acetic acid was found preferable to other methods of acidification. 
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the dimedon derivative, a 0.4 per cent solution of the reagent being used 
(32). Removal of both iodate and periodate with atsenite under acidic 
conditions (14) gave the same result. 

Mesoxalic Acid {Expcririicnt o, Table II) — To 20 cc. of a 0.03 m solution 
of sodium mesoxalate, CalljOsNaj, 3 cc. of water and 2,cc. of 0.43 m so- 
dium periodate were added. After 20 minutes, a total consumption of 0.6 
nisi of periodate was found, as -shown by the titration of a 2 cc. aliquot. 
The production of oxalic acid amounted to 0.597 msi. 

2-Keto-d-gluconic and 2-Ktlo-l-gtdonic Acids (Experiments 9 to 12, 
Table 11) — 2 msi of the sodium salts were oxidized with 25 cc. of 0.43 st 
sodium periodate in a final volume of 100 cc. After 20 hours the consump- 
tion of oxidant, as was shown by titration of a 5 cc. aliquot, amounted to 
3.5 moles per mole of koto acid; i.c., the same value as that shown after 90 
minutes (Table II, Experiments 9 and 11). The addition of 2 gm. of 
sodium bicarbonate caused the oxidation to proceed to the 4 mole level in 1 
additional hour, after which 2-keto-d-gluconic acid gave rise to 0.82 mole 
and 2-keto-f-gulonic acid to 0.85 mole of oxalic acid. Exactly 1 mole of 
formaldehyde per mole of keto acid was isolated as the dimedon derivative 
(m.p. and mixed m.p. 199-192'’). 

Dihtjdroxymalcic Acid (Experiment 4, Table IV) — To a solution of 148 
mg. of the dihydrate, CiHiOe -21120 (O.S him), in 35 cc. of water and 5 cc. 
of M sodium bicarbonate, 6 cc. of 0.43 m sodium periodate were added 
dropwise, in order to avoid the liberation of iodine. The mixture was 
adjusted to a volume of 50 cc. The titration of 5 cc. aliquots, removed 
10 and 30 minutes after the start of the experiment, showed in both cases a 
total consumption of periodate corresponding to 1.6 mM. The remainder 
of the oxidation mixture seiwed for the isolation of oxalic acid, which was 
obtained in an amount corresponding to a total production of 1.54 mxi. 

5-Kelo-d-gluconic Acid (Experiments 6 and 7, Table IV) — ^An aqueous 
suspension of 0.944 gm. of calcium 5-keto-d-gIuconate ( 2 -IH 2 O) was warmed 
slightly with a solution of 254 mg. of oxalic acid dihydrate. After 5 hours 
with occasional shaking the calcium oxalate was filtered off and 336 mg. 
of sodium bicarbonate were added to the filtrate, which had a volume of 
about 100 cc. Following the addition of 50 cc. of a 0.43 m sodium periodate 
solution, the volume of the mixture was adjusted to 200 cc. The titration 
of a 5 cc. aliquot 24 hours later showed that 4.25 moles of o.xidant had been 
consumed per mole of keto acid. (At this point no change in periodate 
consumption was observed when a portion of the solution was made alkaline 
for an additional 90 minutes by the addition of an equal volume of m 
sodium bicarbonate.) Fo-. the determination of the oxalic acid formed, 
100 cc. of the oxidation mixture were treated as described above. The 
calcium oxalate monohydrate (0.141 gm.) required 18.2 cc. of 0.1 n KMn04. 
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1 mole of the keto acid, therefore, jdelded 0.46 mole of o.xalic acid. From 
a 75 cc. aliquot formaldehyde was isolated as the dimedon derivative, 
melting at 189-191°. The production of formaldehyde amounted to 0.18 
mole per mole of keto acid. 

In view of the probable formation of glycolic acid as one of the o.vidation 
products of 5-keto-d-gluconic acid, which was discussed before, it should 
be mentioned that glycolic acid, both in weakly acid and in alkaline solu- 
tion, proved inert to periodate. 

d-Glucuronic Acid {Experiments 8 and 9, Table IV) — The oxidation of 1 
mil of sodium glucuronate with 15 cc. of 0.425 ii XalOi in a total volume 
of 50 cc. for 24 hoiu^ showed a consumption of 5.09 moles of o.xidant per 
mole of acid. The same value was obtained on an aliquot which was 
treated for I 5 hours longer with an equal volume of ii sodium bicarbonate. 
The analysis of a 40 cc. aliquot gave 61 mg. of calcium oxalate monohy- 
drate, requiring 8.0 cc. of 0.1 N KMnO<, i.e. 0.5 mole of oxalic acid per mole 
of glucuronic acid. 

Dipolassium Rhodizonale {Experiments 1 and 2, Table VI) — total of 
1 mil (0.246 gm.) of the salt was mixed in small portions iidth 90 cc. of 
0.07 ii sodium periodate in such a manner as to avoid too great a temporary 
e.\'cess of either oxidant or substrate. After about one-third of the rho- 
dizonate had been stirred into 30 cc. of oxidant, another 30 cc. portion of 
periodate was added and this procedure was repeated once more. The 
color of the salt faded immediately on contact with the oxidant. The 
mixture was brought to a volume of 100 cc. ; the titration of 5 cc. aliquots 
after 14, 44, and 24 hours showed a consumption of a total of 4.35 to 4.40 
mil of periodate. Oxalic acid, produced in this oxidation e.xperiment, 
amounted to 2.3 mil. In another experiment with 1 mil of dipotassium 
rhodizonate 2.15 mil of oxalic acid were isolated. 

Dipotassiuin Croconale {Experiments 3 and 4, Table F7) — To an aqueous 
solution of 109 mg. (0.5 mil) of the salt 5 cc. of 0.43 ii XalOj were added 
and the mixture was adjusted with water to a volume of 50 cc. 3 hours 
later, the titration of a 5 cc. aliquot indicated the consumption of 3.9 
moles of oxidant per mole of substrate. The determination of oxalic 
acid showed the production of 1.9 moles per mole of the salt. 

SUiliLiRY 

The conditions and products of the oxidative decarboxylation by periodic 
acid of a-keto, /S-hydro.xj'-a-amino, and polyhydroxj' acids, ketoses, 
polycarbonyl compounds, and malonic and tartronic acids are discussed 
in detail. 

Outstanding in the speed of oxidation are glj'oxj'lic and meso.xalic acids, 
which are decarboxylated quantitatively in 10 minutes. Compounds 
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giving rise to these keto acids after oxidation with periodate likewise pro- 
duce the theoretical amount of carbon dioxide. 

Polycarbonyl compounds possessing an enediol structure (rhodizonic 
and croconic acids) similarly react with periodate, most likely with the 
intermediary formation of mesoxalic acid. 

The results obtained with malonic and tartronic acids agree with the 
assumption that malonic acid first is hydro.\'ylated to tartronic acid, 
which then is oxidized to glyoxylic acid and carbon dioxide. Tartronic 
acid is the only monohydroxy acid encountered which is oxidized. 

The influence e.\'erted by stable oxygen bridges is exemplified by the 
apparent multiplicity of mechanisms underlying the oxidative degradation 
of d-glucuronic acid and of keto sugars. 

d-Glucuronic acid yields carbon dioxide and oxalic acid. It probably 
reacts through several pathways, partly by the way of glyo.xylic acid as an 
intermediate, partly via hydro.xylation of the hydrogen next to the carboxyl. 

5-Keto-d-gluconic acid produces small amounts of formaldehyde and 
carbon dioxide and about 0.5 mole of oxalic acid, results best reconciled 
by the postulation of a furanoid structure for this compound. 

Keto sugars do not yield carbon dio.xide, except after alkalization of the 
oxidation mixture. Reaction mechanisms, which take into account the 
consumption of periodate and the production of carbon dioxide and for- 
maldehyde, are discussed. 
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DEGRADATION OF THE BILE ACID SIDE CHAIN* 

By martin G. ETTLINGER axd LOUIS F. FIE3ER 
{From the Coni-erse Memorial Ldboratonj, Harvard University, Cambridge) 

CReceivcd for publication, April 6, 1946) 

Prelimiiiary experiments conducted 2 years ago indicated the feasibility 
of converting desoxycholic acid into 3ot,12j3-dihydroxyetiocholanone-17 by 
comparatively simple degradative operations. The first consisted in al- 
lylic bromination of the intermediate 3 , 12-diacetoxydiphenylcholene (1) by 
the Ziegler method, dehydrohalogenation to the diphenylcholadiene, and 
o.xidation to 3o£,12j3-diaceto.xyetiocholanyl methyl ketone. This method 
was communicated on March 11, 1944, to the cooperating group, but in the 
meantime Meystre, Miescher, and coworkers (2) have anticipated our 
publication and have described (3) an improved procedure that constitutes 
a highly practical method of degradation. The second operation consisted 
in the conversion of the free 20-methyl ketone to Scr, 12;3-dihydroxyetiocho- 
lanone-17 by nitrite cleavage (4) and hydrolysis of the resulting o.xime. 

EXPEBIilENT.VL 

3a,12^-Dihydroxyeliocholanyl Methyl Kelone (III ) — ^A summary of the 
best result is as follows: A solution of 25 gm. of 3a,12;3-diacetoxj’-24,24- 
diphenyl-A^-cholene (I, m.p. 160.5-161.5°) and 7.5 gm. of N-bromosuccini- 
mide in 125 cc. of benzene was refluxed for 2 hours, the mixture was cooled 
and filtered, and the product recovered from the filtrate heated with col- 
lidine for 4 hours at 130°. Crj'staUization of recovered product from ace- 
tone-methanol gave 8.5 gm. of I, m.p. 159-160.5°, and 14.2 gm. of crude 
3a,12/3-diaceto.xy-24,24-diphenyl-A^®“=^ ^-choladiene (II). Purified mix- 
tures of I and II were characterized by analysis (C 80.99, H 8.41) and 
absorption spectrum (maximum 305 m;t). The crude diene was ozonized 
in methanol-ethyl acetate, the ozonide decomposed with zinc dust and ace- 
tic acid, and the recovered material treated with chromic acid in acetic 
acid at room temperature overnight. The neutral fraction (9.5 gm.) 
was refluxed with 5 per cent methyl alcoholic potassium hydro.xide, neu- 
tralized -with acetic acid, steam-distilled to remove benzophenone, and 
the ketonic material was separated with Girard’s Reagent T and crystal- 
lized from ether, with recovery of material from the mother liquor by 
chromatography. The total jield of the ketone III, crystallized finally 

* The work deecribed in this paper was done under a contract, recommended by 
the Committee on Medical Research, between the Office of Scientific Research and 
Development and Harvard University. 
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from dilute methanol and melting at 171-173°, was 2.1 gm. (23 per cent). 
An earlier sample crystallized from ether and from ethyl acetate-ligroin 
melted at 174.5-177° and did not depress the melting point of an authen- 
tic sample (m.p. 178-180°) kindly provided by Dr. R. B. Turner. 

Analysis — CjiIIj*Oi. Calculated. C 75.-10, 11 10.25 
Found. “ 75.05," lO.-lO 

Further identification was made (mi.\ed melting point) of the correspond- 
ingdiketone (m.p. 195-199°) and diacetate (m.p. 140-141°).' 

Sa,12^-Dihijdroxyeliocholanone-17 (IV) — A solution of 334 mg. of III 
in 2 cc. of absolute alcohol was treated with 0.7 cc. of a solution of 0.69 gm. 
of sodium in 20 cc. of absolute alcohol, and 0.5 cc. of ethyl nitrite was added. 
The mi.xture stood at room temperature for 1 week and then was neutral- 
ized with carbon dioxide, filtered, and evaporated in a vacuum. The re- 
sidue, which gave a red color test with ferric chloride in alcohol, was 
hydrolyzed by being reflu.xed for 3 hours with 1 cc. of concentrated hydro- 
chloric acid in 5 cc. of 50 per cent alcohol. The solution was diluted with 
water and the product recovered by ether extraction. The residue (0.17 
gm.) was treated with Girard’s Reagent T and the water-soluble product 
submitted to gentle hydrolysis according to Reich and Reichstein (5), 
when 0.03 gm. of starting material IV was recovered. Further hydrolysis 
in the presence of added hydrochloric acid gave 0.07 gm. of product (m.p. 
142-148°) that reduced Tollens’ reagent. The material was chromato- 
graphed on alumina. The product recovered by elution with ether (1 
part)-methanoI (19 parts) afforded 59 mg. (20 per cent) of crude IV, m.p. 
157-162°, which did not reduce Tollens’ reagent. Further purification 
through the Girard derivative and crystallization from ether afforded pure 
material melting at 164-165° (Reich (6) 166-167°). 

Analysis — CuHioOj. Calculated. C 74.47, H 9.87 
Found. “ 74.27," 9.93 

The diacetyl derivative had the constants, m.p. 157.5-158.5°, = 

-{-179° in acetone (Reich (6), 160-161°, a^J — 4-178° in acetone). 

Analysis — 023113,05. Calculated. C 70.74, H 8.78 
Found. " 70.93,“ 9.17 

SUMMARY 

Degradation of the side chain of desoxycholic acid is accomplished by 
allylic bromination of 3 , 12-diacetoxydiphenylcholene, conversion to the 

'■ The diacetate waa obtained by crystallization from petroleum ether as a poly- 
morph melting 20° higher than nreviously recorded for this compound. 
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diphenylcholadiene, and oxidation to 3a:,12^-diacetoxyetiocholanyl methyl 
ketone; the ketone on nitrite cleavage and hydrolysis affords 3a, 125- 
dihydroxyetiocholanone-17. 
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THE FIXATION OF CARBON DIOXIDE IN OXAIACETATE 
BY PIGEON LIVER* 

Bt M. F. utter and HARL.\XD G. WOOD 

(Prom the Division of Physiological Chemislry, Deparlmenl of Physiology, University 
of Minnesota, Minneapolis) 

(Received for publication, March 11, 1946) 

A preliminary report on the fixation of C'^02 in oxalacetate by pigeon 
liver extracts has been presented previously (1). This commimication is 
a more detailed account and deals particularly with the effect of adenosine 
triphosphate upon this reaction. 

Wood and Werkman (2) first postulated Reaction 1 as a mech anism of 
CO; fixation when studying the fermentation of glycerol by propionic acid 
bacteria. 

CO: + CH,-CO-COOH ^ COOH-CH.-CO-COOH (1) 

It was noted that in this fermentation a stoichiometric relationship e.xisted 
between succinate formed and COj utilized, and since pjTuvate had pre- 
viously been sho\Mi to be an intermediate in the glycerol fermentation (3), 
Reaction 1, coupled with a reduction of oxalacetate to succinate, was pro- 
posed to account for the formation of succinate from glycerol and CO 2 . 

Krampitz et al. (4) gave the first direct proof of the reversibility of Reac- 
tion 1 by their studies with a bacterial enzjme preparation which decar- 
boxylated oxalacetate to pyruvate and CO- (5). By canying out this 
reaction in the presence of NaHC^Oj, it was possible to show that the car- 
boxyl ^ to the carbonyl group of the residual oxalacetate contained excess 
C“, and thus that the reaction was reversible. 

Despite ample evidence of CO* fixation by animal tissues (6-S), direct 
demonstration of Reaction 1 with these preparations was not accomplished, 
although it was tacitly assumed in most cases that such a mechanism was 
involved. Evans et al. (9) described an extract from an acetone powder 
of pigeon liver, which fixed C^'O; in organic combination, when fumarate 
was feimented in the presence of pyruvate and NaHC^’Oj. V ood, ^ en- 
nesland, and Evans (10) later showed that the CO; fixed in this system 
was distributed almost equally among the carbo.xjl groups of pyruvate, 
lactate, fumarate, and malate. Although this type of distribution could 
be explained via Reaction 1 in conjunction with other well established 

* Aided by grants from The National Foundation for Infantile Paralysis, Inc., 
and the Rockefeller Foundation, Research in Biologx’ and Medicine. 
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reactions, an attempt by Wood et al. (10) to demonstrate exchange between 
oxalacetate, as such, and isotopic bicarbonate failed. However, it has now 
been possible to show that, when adenosine triphosphate is added to the 
reaction mixture, a rapid exchange of isotopic carbon does occur. 

Although this finding demonstrates a fixation of CO3 in oxalacetate in 
pigeon liver, the relative importance of this reaction in the over-all fixation 
of CO2 by animals (8) and by animal tissue (6, 7) is not established. Pri- 
mary reactions for fixation of COj involving two other compounds have 
been reported: (a) oxalosuccinate (Ochoa (11)) and (b) pyruvate (Lipmann 
and Tuttle (12), Utter ct al. (13)). The oxalosuccinate reaction was 
demonstrated with a preparation from pig heart and the p 3 Taivate reaction 
in a bacterial preparation. 

Methods and Materials 

Enzyme Preparation — The liver preparations used in these experiments 
Avere obtained by a method similar to that of Evans et al. (9), but with some 
variations. The .procedure was as follows: Livers were rapidly removed 
from several pigeons after decapitation and Avere immediately cooled. 
The livers Avere then minced in 5 volumes of cold acetone Avith a Waring 
blender Avith sharpened blades. After mincing for a few seconds at high 
speed, the preparation Avas stbred at a sloAver speed for 3 minutes. The 
speed of the blender Avas controlled^ by a voltage divider. The acetone Avas 
removed from the liver brei by filtration through a sintered glass Buchner 
funnel and the acetone treatment Avas repeated once. After drying 
m vacuo, the larger pieces of connective tissue Avere removed and the mate- 
rial Avas converted to a poAvder by gentle grinding in a mortar. This prepa- 
ration is stable for several Aveeks if stored in the cold in vacuo. 

Extracts AA-ere prepared from the poAA’der by mixing thoroughly AA'ith 10 
volumes of distilled Avater, incubating at 38° for 5 to 10 minutes, and 
centrifuging. The centrifugate Avas then further treated in most cases 
by dialysis against distilled AA’ater or 0.9 per cent KCl. In some cases, 
the centrifugate Avas first precipitated, as described by Evans et al. (9), 
Avith 67 per cent (NH 4 ) 2 S 04 , and the precipitate Avas taken up in AA-ater and 
dialyzed. Dialj’^sis Avas carried out for 3 to 4 hours at 8-12° in thin collo- 
dion tubes Avhich Avere rotated in about 20 liters of liquid, so as to giA^e 
stirring both inside and outside the bag. 

Other Materials — Unless othenvise stated, the materials Avere used as 
sodium salts adjusted to pH 7.0. 

Diphosphopyridine nucleotide Avas obtained from yeast, as described by 
Williamson and Gi’een (14). A biological assay Avith an apozymase from 
bakers’ yeast, prepared according to Govier (15), indicated a purity of 50 
to 60 per cent. 
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Adenosine triphosphate was isolated as the barium disalt from the 
skeletal muscle of rabbits imder M^Oi anesthesia by the method of 
Xeedham (16), as described by Lepage (17). The ratios of 9 minute- 
hydrolyzable P to total P, and of total P to ribose, were found to be theo- 
retical and the material had a purity of almost 100 per cent when calculated 
as the tetrahydrate. 

Adenylic acid was prepared by hydrolysis of adenosine triphosphate 
Mrith Ba(OH)j, followed by separation of the adenylic acid from adenosine 
di- and triphosphates and inorganic phosphate by the procedure outlined 
by Lepage and Umbreit (18). As calculated from the easily hydrolyzable 
P, total P, and ribose determinations, the adenylic acid contained 2 per cent 
adenosine triphosphate (or 4 per cent, if calculated as the diphosphate). 

Oxalacetate was obtained by hydrolysis of the commercial diethyl ester 
by the general method of Krampitz and Werkman (5). The solutions of 
oxalacetate were prepared immediately before use by dissolving the 
free acid in an approximately equimolar amount of XajP 04 and diluting 
to volume. The final solution had a pH of 6.0 to 6.5. 

Sodium pyruvate was obtained by neutralizing a weighed amoimt of 
pyruvic acid secured by vacuum distillation of the commercial product. 

Isotopic bicarbonate was obtained by the liberation of C“0- from barium 
carbonate and the trapping of the liberated gas in carbonate-free XaOH 
in an evacuated system. Sufficient BaC’Oi was used to make the alkali 
just colorless to phenolphthalein. 

Methods — Inorganic P was determined colorimetrically by the Lohmann 
and Jendrassik modification (19) of the Fiske and Subbarow method (20). 
The phosphate fractions of adenosine triphosphate and phosphopynivate 
were determined after conversion to inorganic phosphate by methods de- 
scribed in conjunction with the individual e.xperiments. Lactic acid was 
determined by the colorimetric method of Barker and Summerson (21) 
and pyruvic and a-ketoglutaric acids by the method of Friedemann and 
Haugen (22). Succinic acid was determined by the enzymatic technique 
of Ivrebs (23) and oxalacetic acid by the aniline citrate process, as described 
by Edson (24) and Greville (25). 

Method of Conducting Experiments — ^The e.xperiments \rith isotopic 
carbon were conducted in large Warburg vessels (135 ml. capacity) equipped 
nith two side arms. A procedure somewhat analogous to that of Ivrampitz 
et at. (4) was followed; i.e., oxalacetate was decarbo.xylated in the presence 
of KaHC^Os and the residual oxalacetate was tested for the presence of 
excess C*’. In our experiments, the enzjme preparation was placed in one 
side arm, NaHC“Oj in the second side arm, and the other constituents in 
the main chamber. The constituents of the main chamber ordinarily 
included adenosine triphosphate (.ATP), ilnCl;, and pyruvate. It will be 
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shown in Tnbles I jincl IV that the first two of these substances are necessary 
for rapid excliangc of C'^ between NaliC’Oa and oxalacetate, while pyru- 
vate has little elTect. After gassing with nitrogen and equilibrating, the 
contents of the cup were mixed. Because of the acidity of the o.xalacetate- 
phosphate mixture, C”02 was liberated from the NaHC'^Oj, giving an 
atmosphere of and nitrogen and a pll of 7.2 to 7.3. In a few experi- 
ments in which oxalacetate was neutralized with NaOH, or in which no 
oxalacetate w;us included, phosphate buffer of pH 6.2 was used to acidify 
the bicarbonate. 

.Alter -15 minutes at 38°, an aliquot was removed from the vessel for the 
determination of residual oxalacetate and immediately thereafter the re- 
action Avas stopped by the addition of 10 x H:S04, 50 per cent citric acid, 
or 10 per cent HPOj, as is indicated in the individual axperiments. After 
removal by centrifugation of the precipitated protein, a few drops of cap- 
rylic alcohol Avere added as an antifoaming agent, and the C^Oj AA-as re- 
moved by rapid passage of normal tank CO2 through, the solution for 10 
minutes. ^Uter this process, the layer of CO2 immediately above the solu- 
tion Avas cleared aAvay by a blast of air, and the smaller amount of CO2 
remaining in the solution Avas collected in a carbonate-free sodium hydrox- 
ide solution by aeration Avith CO^-free air for 15 minutes. This “rinse” 
fraction serves to check the efficiency of the removal of the C”02. After 
removal of the “rinse” fraction, a* second fraction representing the ;8-C00H 
of oxalacetate Avas obtained by boiling and aerating the solution for 10 to 
15 minutes and collecting the CO2 liberated by this process. The o.xalacetic 
acid is broken doAvn to pyruvic acid and carbon dioxide by this “acid-heat” 
treatment. The a-carbo.\yl of o.xalacetate, together Avith the carbo.xyl of 
pyruA'ate, Avas next secured by treatment of the solution with an excess of 
a solution of Ce(S04)2 and continuing the heating and aeration for 15 
minutes. The pyruvate is o.xidized to carbon dioxide and acetic acid by 
the Ce(S04)2 (26). 

Determination of Isotope Concentration — The C“ content of the samples 
Avas determined Avith the aid of a Nier type mass spectrometer (27). The 
results are calculated as atom or mole per cent 


Atom % C” = 


moles 

moles C*’ -f- moles C** 


The spectrometer readings Avere adjusted to give a value of 1.09 per cent 
C“ for standard BaCOa and the data in the tables are e.xpressed as per cent 
of C’^ in excess of this normal complement. 


Results 

Effect of Adenosine Triphosphate upon Fixation of in Oxalacetate — 
In the experiments by Wood et al. (10), AA-hich failed to demonstrate the 
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exchange of C“Oi ^\ith oxalacetate, the enzyme system was partially puri- 
fied by ammonium sulfate fractionation and dialysis, and no additions 
other than oxalacetate, pyruxate, MnCl:, and bicarbonate were made. In 
other experiments xxith the same enzyme preparation, fixation of i=o topic 
COi was obtained with fumarate and pyruvate as the substrates, but im- 
pure diphosphopyridine nucleotide (DPN) or tissue extract was added to 
facilitate the reaction Accordingly, the pretence of the hy drogen carrier 
(DPN), as well as the oxidation-reduction reaction between fumarate and 


Txble I 

Effect of Adenosine Triphosphate (ATP) on Fixation of C“0: in Oxalacetate by Pigeon 

Licer Extracts 


Expert 

ment 

No 

Extract 

ATP 

Oxa\ 

COOH of oxalacetate 

Ce(SOil- fractions 

Rinse 

added 

added 

Recov 

ered* 

Excess 

Cw 

fixed 

Recov 

ered* 

Excess 

D» 

fixed 

Recov- 

ered* 




nu 

mu 

01V 

per 

cent 

mu X 

i(r* 

mu 

per 

cent 

mu X 

icr* 

mu 

per 

cent 

1 a 

Punfiedt 


0 63 

0 23 

0.04 

0 9 

1 37 

0.00 

mn 

1 39 

0.01 

1 b 

(i 

EKTi 

0 68 

mEm 

0.22 

4 4 

0 97 

0.02 

0 2 

I 13 

0.01 

2a 

Crude 


0 68 

0 39 

0.07 

2 7 

0 95 

0.01 

1 0 

2 01 

0.02 

2b 

(1 

0 007 

0 68 

0 32 

0.25 

8 0 

0 91 

0.01 

0 9 

3 98 

0.01 

3 a 

(( 


0 68 

0 39 

0.26 

10 2 

1 19 

0.08 

9 5 

3 S3 

0.01 

3b 

<( 



0 34 

0.35 

12 3 

1 06 

0 10 


2 99 



•mil represent amounts recovered during treatment, as determmed bj the 
Weight 

t Extract purified by precipitation with two thirds saturated (XHiliSOt and 
4 hours dialysis of the dissolved precipitate against distilled water The additions 
were as follows Experiments 1 a and 1-b, 4 ml of lixer extract, 0 5 mu of Na pyru 
vate, 0 04 mu of MnClj, 0 3 mu of phosphate (pH 6 2), 0 6 mu of NaHC"-Oj (C“ = 51 
per cent excess) in a total volume of 14 ml , time, 45 minutes. Experiments 2 a and 
2 b, 3 ml of liver extract, 0 4 mu of Na pyruvate, 0 05 mu of AlnCl:, 0 4 mu of pho:i- 
phate (pH 6 2), 0 7 mu of NaHC“Oi (C“ excess = 46 per cent) in a total v olume of 
15 ml , time, 45 minutes, Expenments 3 a and 3-b, 4 ml of liver acetone extract, 
otherwise the same as Expenments 2 a and 2-b 


pyruvate, made the conditions of the two experiments quite dissimilar. 
Smce the fixation of COj in oxalacetate has been calculated (9) to be an 
endergonic reaction, it seemed possible that a source of energy might aid 
the reaction and that this energy was supplied by the oxidation-reduction 
of fumarate and pyruvate. In the present experiments, ATP was chosen 
as a ready source of chemical energy, and, when added to the reaction 
mixture, proved to have a great stimulatory effect on the e.xchange of C“0: 
during decarboxylation of oxalacetate. 

Table I shows the effect of ATP upon the exchange, as earned out by 
crude and partially purified hver preparations. In these experiments, the 
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decarboxylation was stopped when about 50 per cent complete by the addi- 
tion of 4 ml. of 10 N HsSOi. 

The fractions, labeled “rinse,” ^-COOll of oxalacetate, and Ce(S 04 )j, 
were collected as described previously. Under the conditions of this 
e.xperiraent, f.c. boiling for 15 minutes with an excess of Ce(S 04 ) 2 , pyruvate 
yields about 1.2 mu of CO 2 per mu of pyruvate present. Presumably, 
this fraction contains all of the carbo.xyl group. The various fractions in 
Table I are listed as ni.u recovered during the appropriate treatment. In 
the case of the ^-COOIT fraction, this value u’ill not indicate the entire 
amount- of o.xalacctate remaining at the end of the reaction period, since 
oxalacetate breaks down spontaneously durmg the centrifugation and other 
handling processes pi'cvious to collection of the /3-COOH -fraction. In 
Tables II, IV, and V, oxalacetate was determined by immediate analysis 
of an aliquot at tlie end of the reaction and represents the actual residual 
o.valacetate. Tlie mxi recovered iii each fraction are listed as well as the 
nni of C*’ fixed in the total fraction. The latter value was obtained by 
multiplying the per cent excess in the sample by the mst of carbon in the 
sample. 

In Experiments 1-a and l-b with purilied enzyme, tlie effect of ATP upon 
the fi.\ation is striking, 0.0-1 per cent excess without xVTP and 0.22 per 
cent when ATP was included. Furthermore, an appreciable excess of 
was found only in the ,8-COOH fraction. The small excess (0.02 per cent) 
found in the CefSOds fraction of Experiment l-b is of doubtful significance, 
since the limit of accuracy of the experhnent approaches tliis value and also 
because there may be a slight contamination of this fraction by oxalacetate 
not completely removed by the previous treatment. Since the excess C*’ 
is apparently confined to the d-COOH, it is possible to make the following 
statements: (a) was not fixed by a reaction involving a symmetrical 
compound or a substance in equilibrium with such a compound. This 
fact eliminates the possibility of the participation of fumarate (or malate 
in equilibrium with fumarate) in the initial fixation reaction, (b) The 
hypothetical shifting of hydro.xyl and hydrogen in oxalacetate (Reaction 2), 

C‘>OOII-CH:COH-COOH C'’OOH-COH:CH-COOH (2) 

D a or (3 

as proposed by Meyerhof (28), does not occur in the livei' preparation. 
Krampitz el al. (4) have already demonstrated that such a reaction docs 
not occur non-enzymatically or with the enzyme preparation obtained from 
bacteria, (c) Fixation of COa by a linkage with a 2-carbGn compound, as 
was demonstrated with the bacterial preparation (12, 13), does not take 
place under the conditions of these experiments. This fact is evident since 
no appreciable amount of was found in the Ce(SOd 2 fraction which 
contains the pyruvate carboxyl. 
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The eflfect of ATP is more striking when the enzyme preparations have 
been dialyzed, but the effect is often noted Avith imtreated (crude) prepa- 
rations, as is shown by Kvperiments 2-a and 2-b of Table I. The stimula- 
tion caused by ATP with this particular crude extract was almost as great 
as with the purified enzyme in the previous experiments. As in Experi- 
ment 1, an excess of C*’ was noted only in the j3-COOH fraction. 

With another sample of crude extract (Experiments 3-a and 3-b), con- 
siderable exchange occurred, even in the absence of added ATP, although 
addition of ATP caused a further increase. Examination of the Ce(S 04 ); 
fraction of Experiment 3 reveals that considerable C” was foimd in this 
fraction also. Since this fraction was larger than the d-COOH fraction, 
the mji of C'’ recovered were almost equal in the two fractions. The 
fixation in the a-COOH of oxalacetate or the ~COOH of pjTuvate may occur 
m these crude preparations because a symmetrical compound such as 
fumarate is present as an endogenous substrate and is in equilibrium with 
the o.xalacetate. It is possible that, in e.xtracts in which fi.xation occurs 
without added-ATP, the ATP or a substitute is supplied by an endogenous 
reaction. 

The C” content of the “rinse” fractions is typical of the values obtained 
by this procedure and testifies to the removal of from the solution 
prior to collection of other fractions. “Rinse” values will be included only 
m Table III of the subsequent tables since the values never exceeded 0.03 
per cent and were rarely that high. 

The extent of the exchange in these experiments was somewhat less than 
that obseiwed in experiments with fumarate and pyruvate by Wood et al. 
(10), but the duration of the experiment and the enzyme concentration 
w'ere less favorable in the present experiments. It is probable that fixation 
by Reaction 1 occurs at a rate sufficient to account for the values obsen'ed 
'rith fumarate and pjTuvate. The exchange was somewhat more rapid 
than that found by Krampitz et al. (4) with bacteria, but ATP was not 
added in their experiments. 

-A. few preparations failed to fix C^O* at satisfactory rates in crude or 
purified form. These preparations, however, usually carried out the 
decarboxylation of oxalacetate at a normal rate. Hence, the rate of 
decarboxylation cannot be used as a criterion of ability to perform the 
reverse or carboxylation reaction. This point will be dealt with more 
fully in a later section. 

Specificity of Reaction under Consideration — ^The method used to obtain the 
^-COOH group of oxalacetate in the experiments of Table I, f.e. boiling at an 
acid reaction, is not entirely specific for oxalacetate. The possibility must 
be considered that the compoimd yielding C “02 upon boiling is not o.xal- 
acetate, but some other compound which accumulates during the reaction. 
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Acetoacetate and oxalosuccinate are compounds which fall in this category, 
since they are very easily decarboxylatcd. Oxalosuccinate has recently 
been synthesized by Ochoa (11) and has been shown to be formed from 
«-ketogIutarate by fixation of CO 2 or by oxidation of isocitrate. 

The possibility that either of these compounds is involved in the present 
studies has been investigated in the three ways listed below. (1) Aceto- 
acetate has been eliminated as the source of the fixed C” by use of a method 
which gives decarbo.xylation of oxalacetate but not of acetoacetate. (2) 
Oxalosuccinate has been shown to be absent from the reaction mixture by 
demonstration that a-ketoglutarate is not a product of decarboxylation 
by the acid-heat treatment. (O.xalosuccinate yields a-ketoglutarate on 

Tadle II 


Compariso7i of C” Valuca on Carbon Obtainea by Different Methods of Decarboxylation 


1 



^-COOH of oxalacetate 

Experi- 
ment No. 

Extract* 



Excess 

Recover edf 

! 

Initial 

Final! 

jAcid'hcat 


Acid-heat 

Aniline 

citrate, 

5* 

1 

Undialyzed (4 ml.) 

mu 

' 1.25 

m 


per cent 

0.37 

mu 

mu 

2 

Dialyzed 3.5 hrs. against 
HjO (6 ml.) 

0.80 

■ 

■ 

0.37 

0.12 

0.11 


* Other additions, 0.028 m.M of ATP, 0.1 mil of MnCJj, 1.3 mii of NaHC“Oj {C“ 
= 4.69 per cent e.xcess), 1 mu of Na pyruvate in a total volume of 21 ml.; time, 45 
minutes. 

t Amount found by respective methods in one-half the final mi.xture. Part of 
the final o.xalacetate breaks down spontaneously during the time of preparation for 
the degradation. 

t Determined on an aliquot at the end of the incubation period. 

decarboxylation.) (3) The sum of the residual oxalacetate and pyruvate 
is shown to be equal to the original amount of oxalacetate. It is thus 
apparent that there has been no removal of oxalacetate or pyruvate by side 
reactions. 

Acetoacetate — ^In the experiments of Table II twice the usual volume of 
reactants was employed, and the reaction was stopped by addition of 10 
ml. of 50 per cent citric acid. After removal of the C'^02 in the usual way, 
the solution was divided into two equal parts, and separate rinses were 
obtained. The decarboxylation was carried out in two ways, method ( 0 ) 
by boiling at an acid reaction, as in the experiments of Table I, and method 
(b) by the use of aniline citrate at 5°. Greville (25) has shown that the 
decarboxylation of acetoacetate by aniline citrate is negligible at 5° and 
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that oxalacetate can be determined in the presence of acetoacetate by carry- 
ing out the reaction at a low temperature. Therefore, if acetoacetate is 
present, the results given by the two methods should vary, since method 

(а) will yield CO* from both acetoacetate and oxalacetate while method 

(б) will decarboxylate only the latter compound. Any C“ found by method 
(6) Avill' necessarily be formed from a compound other than acetoacetate. 

An e.\amination of the results of these axperiments shows that the C‘^ 
content of fractions obtained by the two methods checks reasonably well 
Tilth both dialyzed and undialyzed preparations. Also, in the one e.xperi- 
ment in which the amount of CO* in the fractions was obtained quantita- 
tively by the two methods, the amount by method (6) was as large as that 
obtained by method (a). These results eliminate acetoacetate as a factor 
in the reaction under study. 

Oxcdosuccinaie — It seemed possible that this substance was formed from 
the oxalacetate and that, in part at least, the C'^ was fixed in the oxalosuc- 
cinate by Ochoa’s reaction. According to current concepts, the formation 
of oxalosuccinate from o.xalacetate and pyruvate involves the following 
steps; 


Oxalacetate pyruvate 


JO, 


cV-aconitate -{- CO: 


cis-Aconitate isocitrate 


(3) 


Isocitrate 


JO, 


oxalosuccinate 


Oxalosuccinate ^ o-ketoglutarate -r CO, 


(5) 

( 6 ) 


Preliminaiy experiments demonstrated that the liver preparation con- 
tams the oxalosuccinate carboxylase* and that therefore there was a possi- 
bility of such a fixation with this preparation. In order to decide this 
question, the oxalosuccinate was determined in the experiment described 
in Table III. This experiment was carried out in the usual way with an 
incubation of 45 minutes. The determination of oxalosuccmate was ac- 
complished by decarboxylation of the oxalosuccinate to a-ketoglutarate, 
oxidation of the a-ketoglutarate to succinate, and determination of the suc- 
cmate by the succinoxidase method (23). For the determmation, 97 per 
cent of the total of solution involved in the 45 minute experiment of Table 
III was used. After acid-heat treatment the material was subjected to 
continuous ether extraction for 24 hours. The extract was oxidized with 
KMnOi (29) and then reextracted with ether. The ether-soluble material, 
which contained the succinate, was taken up in water, neutralized, and 
was then tested with the succinoxidase preparation. The entire extract 

* We wish to express our appreciation to Dr. Severo Ochoa for his gift of oialo- 

succinate. 
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was used in a single manometer vessel containing 3.0 ml. of reaction fluid. 
No succinate ivas detected, although by this method as little as 1 mg. of 
succinate should be detected, which on the basis of molarity would be 
about one-seventieth of the original or one-twentieth of the final oxalace- 
tate. Appropriate controls were run ^vith the succino.xidase preparation 
to establish its activity and, after failure to detect succinate in the sample, 
a known sample of succinate was added to the e.\perimental material to 
insure that no inhibitor was present. The added succinate was readily 
oxidized. These results show that oxalosuccinate is not formed in sig- 

Table III 

Changes in Total Pyruvate (flxalacctalc Plus Pyruvate) during Fixation Reaction 


C‘* dclcnninations 



/3-COOH o{ oxalacetate 

Rinse 

Kecovered | 

Excess C'> 

Recovcied i 

Excess C>* 


mxi 

percent 

mu 

per cent 

30 see. incubation 

0.53 

0.06 

1.48 


45 min. “ 

' 0.20 

1 

0.24 

1 

1.52 

1 0.03 

1 


Pyruvate determinations 



Specific method 
(ft) 

Non-specific method 

Ratio, m'540 
readings 


mu 



30 sec. incubation , : 

0.64 



45 min. " 

0.64 




Each e.xperinient contained 3.5 ml. of pigeon liver e.xtract (dialyzed 3 hours against 
0.9 per cent KCl); 0.014 mat of ATP; 0.05 nwi of MnCl:; 0.65 m.v of o.valacetate (in 
0.65 mM of NajPOr); 0.72 mat of NaHC“Oj (C“ = 3.65 per cent e.xcess) in a total 
volume of 10.0 ml.; incubated for indicated length of time. 

nificant amounts under the conditions of these experiments and that it is 
not the source of the fixed carbon. In addition, the e.\periment indicates 
that neither a-ketoglutarate nor succinate is formed in the reaction. 

Oxalacetate and Pyruvate — ^If the conversion is correctly e.xpressed by Ee- 
action 1, formation of pyruvate at the expense of the oxalacetate will 
constitute the only change occurring during the e.\periment. Then, if the 
residual oxalacetate is converted to pyruvate at the end of the experiment 
by acid-heat treatment, the amount of pyioivate should be the same in a 
fermented as in a control (non-fermented) sample. On the other hand, 
if other reactions such as those described in Reactions 3 to 7 are involved, a 
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net decrease in pyruvate should be noted, since the equivalent of 2 mole- 
cules of pyru\ ate is used in the formation of the tricarboxylic acid molecules 

The colorimetric method of Friedemann and Haugen (22) v,as used for 
the determination of the pyruvate. This method was also used as an addi- 
tional check on the formation of oxalosuccinate, since it can be adapted to 
detect a-ketoglutarate in the presence of pyruvate. Procedure (o) of the 
method serves this purpose and involves the use of ethyl acetate as a soh ent 
and a reaction period of 25 minutes, tinder these conditions the method is 
relatively non-specific and is applicable to a-ketoglutarate, oxalacetate, and 
presumably other a-keto acids, as well as pyruvate. The light absorption 
of the alkaline hydrazones is measured at different wave-lengths and the 
ratio of these two absorptions is calculated. The variation of the ratio 
from that given by pyruvate indicates the presence of other keto acids such 
as a-ketoglutarate. Procedure (b) of Friedemann and Haugen’s method 
involves the use of toluene or xylene as a solvent and a reaction period of 5 
minutes. Under these conditions, the method is relatively specific for 
pyruvate. 

In the e-xperiments descnbed in Table III these two procedures were 
used and, in addition, the C” fixed was determined by the usual procedure. 
In the control e.xperiment, the reaction was stopped after about 30 seconds 
by u ashing the contents of the manometer flask into a volumetric flask 
containing 10 ml. of 10 per cent HPOj. After dilution to 50 ml , the solu- 
tion uas centrifuged and the proteins were washed once with 10 ml. of 1 
per cent HPOj. The wash liquid was added to the original centrifugate 
and the combined solutions were treated in the usual way to obtain the 
“rinse” sample and /3-COOH sample. The boilmg procedure used in 
collection of the latter sample converted any remaimng oxalacetate to 
pyruvate, or correspondingly the oxalosuccmate to a-ketoglutarate. The 
pyruv'ate was then determined in aliquots by procedures (a) and (6) of the 
Friedemann and Haugen method. The experiment wuth a 45 minute 
mcubation period was treated in the same way. 

’ Examination of the columns labeled “CefSOi); fraction” of Tables I and V shonrs 
that in every case this fraction was smaller when .\TP was present than in the con- 
trol experiment. This finding might be interpreted as an indication that either 
pyruvate or oxalacetate had been removed by side reactions However, in other 
experiments not presented here, the variations in the CelSOi)- fraction are in the 
opposite direction These variations are probably due to mequalities in treatment 
of different samples since the yield of 1 2 mat of CO- per mai of pyruvate varies ac- 
cordmg to the heating period In experiments in which a ngorous attempt was made 
to control the heating period, no appreciable differences were noted between experi- 
ments incubated wnth and wnthout ATP Furthermore, this equality is confirmed 
by the more quantitative colorimetric procedure of Friede mann and Haugen (22), 
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With regard to the C” values, the "rinse” values for both the control and 
45 minute experiments were reasonably low (Table III). A small excess 
of C” (0.05 per cent) was found in the /5-COOH of the o.xalacetate in the 
control e.xpcriment. Since this figure is higher than the “rinse” value, it 
appears that the o.xalacetate contained a small amount of C“ even after an 
incubation period of only 30 seconds. iVfter 45 minutes, the excess was 
much higher, 0.24 per cent indicating that substantial fixation had oc- 
curred. The bicarbonate used in this experiment contained only 3.63 per 
cent excess C*’, w'hich was somewhat lower than that employed in previous 
experiments.- 

Neither the specific nor non-specific method of pyruvate determination 
(Table III) indicated that any decrease in total pyruvate (o.xalacetate plus 
pyruvate) had occurred in conjunction with the CO 2 fixation process. 
Furthermore, the non-specific method gave a negligible increase over the 
specific method, pointing to the probable absence of a-keto acids other than 
pyruvate. 

In the last line of Table III, the ratios of the light absorption of the alka- 
line hydrazones for Filters 420 and 540 of the lOett-Summerson instrument 
are calculated. Pyruvate standards at three levels gave an average value 
of 1.30 for this ratio, but the replacement of 10 per cent of the pj’-ruvate by 
an equivalent amount of a-ketoglutarate raised the ratio to 1.42 and 25 
per cent a-ketoglutarate to 1.57. The ratios in the control and 45 minute 
experiments were 1.28 and 1.29 respectively, giving no evidence of the 
presence of a-ketoglutarate, and accordingly of o.xalosuccinate previous 
to the decarbo.xylation. 

All of the above results are thus in complete accord with the idea that the 
only conversion which occurs is that shown in Reaction 1. Furthermore, 
since pyruvate w’as recovered in an amount equivalent to the original o.xal- 
acetate, it is clear that the fixed was obtained by cleavage of a com- 
pound which yielded pyruvate or a compound analyzed as pyruvate. This 
observation gives substantial evidence that the compound w'hich contained 
the fixed carbon was oxalacetate or a compound with very similar properties. 

Influence of Pynwale, and uyon Fixation Reaction — Py™' 

vate and MnCIo were added to the reaction mixture in most of the previous 
experiments. .MnCU has previously been reported by Evans et al. (9) 
to be essential for the fixation of isotopic CO 2 in the fumarate-pyruvate 
system. ICrampitz et al. (4) also found that either IVIn++ or Mg++ w’as a 
component of the bacterial system. Pyruvate was included in the previous 
experiments because it w-as thought that a high concentration of this sub- 
stance might aid the fixation reaction, since it is apparently closely related 
to one of the components. The necessity of these substances has been 
investigated and the results are presented in Table IV. Experiment 1 
demonstrated that the complete system gave an excellent exchange (0.52 
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per cent excess). The omission of pyruvate (Experiment 2) gave a slightly 
higher result, showing that pyruvate was not a necessary component. 
Presumably, pyruvate was formed with sufficient rapidity by the enzymatic 
and spontaneous decarboxylation of oxalacetate to fulfil any requirements 
there might be for pyruvate. 

Omission of SlnClj (E.xperiment 3) had a very deleterious effect on the 
exchange reaction, giving a final excess of 0.06 per cent in the /3-COOH. 
There was also a somewhat smaller decarboxylation (0.175 mar, as com- 
pared to 0.237 mar) in this experiment, although the decrease by no means 
parallels the decrease in C“ fixation. Rxperiment 4 demonstrated that 
MgCli cannot replace iInCli in the fi.xation reaction. The results of the 
latter two experiments agree with the findings of Evans et al. (9), who re- 


Tabia: rV 

Effect of ilnCli, ilgCU, and Na Pyruvate upon Fixation of in Oxalacetate 


1 

Expcrbient 

Xo. 

Description 

0-COOS of oraUcetate 

\ Ce(50i)s fract^n 

1 . 

Final* I 

EicciCa 

1 Recovered 

: Excess C'-* 



mm 

fer cent 

au 

\ per cent 

1 

Complete 

MRS 

0.52 

J.04 

0.00 

2 

Pyruvate omitted 

BVRfl 

0.67 

0.60 

0.02 

3 

AlnClj omitted 


0.06 

1.01 

0.02 

4 

“ replaced by MgCli 

0.199 1 

0.U 

0.96 

0.01 


* Oxalacetate, as determined on an aliquot at the end of the incubation period. 
The complete mixture (Experiment 1) contained 3.5 ml. of liver e.xtract (dialyzed 
against KCl), 0.014 mu of ATP, 0.65 mu of NaHC“0, (excess C» = 4.41 percent), 
0.5 mu of oxalacetate in 0.5 mu of N3,PO,, 0.5 mu of Xa pyruvate, and 0.05 mu of 
hlnCljin a total volume of 12.5 ml.; time, 45 minutes. 


ported that Mn++ could not be replaced by ilg"*^ in the decarboxylation 
of oxalacetate to pyruvate by pigeon liver preparations. Ochoa and Weisz- 
Tabori (11) in their recent experiments on the decarbo.xjdation of o.xalosuc- 
cmate reported a s imil ar Mn"*^ specificity. From these residts it is clear 
that Ma++ i 3 essential component of the system for the fixation reaction. 
It should be noted that inorganic phosphate has been added in all axperi- 
ments, although it is not known whether or not it is necessary for the fixa- 
tion process. 

In no case did a significant excess of C'^ appear in the CeiSOdi fraction. 

SubsiiiiUion of Adenylic Acid for Adenosine Triphosphole If -■iTP is 
serving only as a phosphate carrier in the fixation reaction, it should be 
possible to replace ATP by adenylic acid (.AA). On the other hand, if the 
function of ATP is related to its ability to sen’e as a phosphate donor or as a 
source of energy, substitution of AA should not be successful. 

In Table V, two series of three experiments each are reported, repre- 
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senting (1) a control experiment, (2) the addition of ATP, and (3) a similar 
experiment in which AA has been added instead of ATP. If AA can suc- 
cessfully replace ATP, excess C” in the /3-COOH of o.xalacetate should be 
approximately equal in the latter two experiments. 

In Series A, the control experiment showed a fixation of 0.03 per cent in 
the /5-COOH, but the addition of ATP increased 4he value to 0.31 percent. 
Substitution of AA gave a figure of 0.10. .tVlthough this by no means 
equals the values of the ATP experiment, it represents a tripling over the 
control experiment. >Vs was pointed out in a previous section, the AA 
contains a small amount of ATP or ADP (2 per cent calculated as ATP), 


Table V 

EffccL of SuhstiliUion oj Adenylic Acid (4.-1) /or Adeiwshic Triphosphate (ATP) in 

Fixation Reaction 


■ 

Description 

^-COOH of oxalaccUtc 

Ce(SOi)« fraction 

Final* 

Excess Ci> 

Recovered 

Excess Cw 



frtU 

een/ 

mmgmm 

cent 


1. Control 

0.23 



0.04 


3. ATP added 

0.19 

■IH 


0.01 


3. AA “ 

0.17 

0.10 

1.29 

0.02 

B 

1. Control 

0.22 

0.03 

0.97 



2. ATP added 

0.22 

0.16 

0.87 



3. AA 

0.20- 

0.03 

0.95 

0.01 


* Determined on aliquot at the end of the re.action period. 

Series A, each c.vperimont contained in a total volume of 12.5 ml., 3.5 ml. 
of dialyzed liver e.xtract; 0.6 m.M of o.xalacetate dissolved in 0.6 msi of NajPOi; 
0.65 mji of NaHC”Oj (e.xcess C“ = 4.4 per cent); 0.05 m.M of MnClj; 0.5 mM of Na 
pyruvate and if indicated; 0.014 msi of ATP or A.\; incubated for 45 minutes. Series 
B, the same as Series A e.xcept that 3.0 ml. of dialyzed e.xtract and 0.65 niM of 
NaHC’Oj (e.xcess C*’ = 5.0 per cent) were used. 

and it is possible that this small amount of ATP has some effect on the 
reaction. However, in Series B with another sample of liver extract, the 
addition of AA gave no increase over the control value, although the addi- 
tion of ATP gave a 5-fold increase. 

From these two series of e.xperiments, it must be concluded that AA re- 
places ATP very poorly, or not at all. It remained possible, however, 
that the AA was not active because of its destruction by enz 3 ’’mes in the 
liver. This possibility is in line wdth Kaickar’s suggestion (30) that the 
failure of AA to replace ATP in certain systems may be due to the de- 
struction of AA by agencies which do not attack ATP readily. Kalckar 
cited the failure of AA to replace ATP in Ochoa’s experiments xvith a-keto- 
glutarate oxidation (31) as a possible example. 
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The inactivation of AA by the liver astern, therefore, has been m\ esti- 
gated (Table VI). The test as made by determining the ability of added 
AA to act as a phosphate acceptor before and after a 45 minute incubation 
with the liver enzymes. It is realized that the possibility exists that the 
criterion chosen for detection of inactivation in these experiments is not 
infallible. For axample, it is possible that the deamination product of AA, 
inosinic acid, may act as a P acceptor, but on the other hand may not func- 
tion in the fixation reaction. 

In conducting the test, phosphoglycerate was added as a source of phos- 
phopyruvate and the latter was allowed to phosphoiylate AA. The 


Tible VI 

Effect of Incubation with Liter Extract on Adenylic Acid Asa Phosphate Acceptor for 
Phosphoglycenc Acid 


Experiment 

No 

Adenylic acid 

Preliminary 

incubation* 

Changes in P (all values corrected for crigiaal 
controU) 

Inorganic P 

Adenosine 

triphosphate 

Fhospho- 

pyruvate 


nv 


mt X 

ml X 

ml x;o-* 

1 



0 75 

0 31 

10 17 

2 

7X 10-» 


5 »4 

4 48 

7 51 

3 


45 min 

1 18 

0 12 

12 61 

4 

7XI0-‘ 

45 “ 

4 86 

4 22 

7 S6 


* Liver extract incubated with adenylic acid at 38° at pH 7 4 prior to the addition 
of phosphoglycenc acid. In addition to adenylic acid, the flasks contained 0 3 ml 
of dialyzed liver extract; 7 oX KT’mii of Na phosphoglycerate, 5 X ICT’niiiof JlnCls, 
2 X mil of inorgamc phosphate, 4 8 X 10"’ mii of XaHCOi in a total volume of 
I 05 ml The time of incubation of the extract with pbosphogi} cerate was 45 min- 
utes 

changes in inorganic, 9 minute acid-hydrolyzable P and alkahne-iochne P 
fractions were measured. The ATP fraction (9 min ute acid-hydrolyzable) 
was corrected for phosphopyruvate (alkaline-iodine-labilel upon the basis 
that one-half of the latter is hydrolyzed in 9 minutes in 1 N acid at 100°. 

In Experiments 1 and 2, no preliminary incubation period was em- 
ployed. If no AA was added (K\-periment 1), little change occurred m the 
inorganic and ATP fractions, although a large amount of phosphopymxate 
was formed. The inclusion of AA (Experiment 2) caused a much larger 
increase in both the inorganic and ATP fractions, partially at the expense 
of phosphopyruvate. The reactions involved are 


2 phosphoglycerate :=r 2 phosphopyruvate 
2 phosphopyruvate -b AA 2 pyruvate 4- .A.TP 
ATP .4A + 2HiP0< 


(7) 

(8) 
( 9 ) 
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It is thus clearly demonstrated that AA is active in the enzyme system, as 
employed. In Experiments 3 and 4, a preliminary incubation period of 45 
minutes, under conditions comparable to those used in the fixation experi- 
ments, preceded the addition of the phosphoglyceratc. During this period, 
AA was in contact with the liver enzymes. At the end of 45 minutes, 
phosphoglycerate was added and an additional incubation period of 45 
minutes similar to the procedure in Experiments 1 and 2 was followed. 
Examination of Experiments 3 and 4 shows that results roughly parallel to 
those of Experiments 1 and 2 were obtained and that there is little evidence 
that the ability of AA to serve as a P acceptor was impaired by the pre- 
liminary incubation. Theoretically, the added in these experiments 
should be able to accept 4.34 X 10“- mg. of P, if converted to ATP. In 
both cases, the increase in ATP approaches this figure, indicating complete 
phosphoiylation. If any of the AA had been inactivated by the previous 
incubation, the total ATP formed should have been decreased by an equiva- 
lent amount. 

There is no evidence, then, that the failure of AA to replace ATP was 
due to a loss of its ability to serve as a P acceptor during contact with the 
liver preparation. 

Effect of Adenosine Triplmphotc on Fixation of COi in Fumarate-Pyruvate 
System — As mentioned earlier, Evans et ah (9) and Wood et ah (10) studied 
COj fixation with the same type of enzyme preparation but used fumarate 
and pyruvate as substrates. These studies were performed with dialyzed 
enzymes in the absence of added ATP. Plowever, “crude” diphospho- 
pyridine nucleotide (DPN) was included in the reaction mixture. Pre- 
sumably the reactions proceed as follows: 

Fum.irate malate (10) 

Malute -f pyruvate o.xalacetate -1- lactate (11) 

O.xalacctate pyruvate COj (12) 

Through this series of reversible reactions, C^O" becomes incorporated in 
the carboxyl groups of all of the compounds taking part in the reaction (10). 
Since ATP appeared to e.xert a decided effect on the fixation of COj when 
oxalacetate was the only substrate, it appeared of interest to determine 
whether ATP had an effect on the fumarate-pyruvate system. Such a 
study is described in Table VII, With fumarate as the starting point the 
fixation reaction depends upon (a) the accumulation of oxalacetate through 
Reactions 10 and 11 and (6) the rate of the exchange reaction itself 
(Reaction 12). The amount of o.xalacetate formed by Reaction 11 is 
equivalent to the lactate formed (second column, Table VII). The lactate, 
therefore, is a rough indication of the extent of Reaction 11. 

The amount of incorporated was determined by oxidizing the reaction 
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mixture with excess CeCSOi). at 100“ for 15 miautes. This method pro- 
duces about 1.2 mxi of CO; per mii of pyruvate or lactate and about 2.8 
mil of CO; per mii of malate. Presumably, aU of the carboxyl groups of 
the above compoimds are liberated by this procedure. Fumarate yields 
an inappreciable amount of CO; vmder the same conditions. The deter- 
mination gives a measure of the C“ in the carbo.xyl groups of lactate, 
pyruvate, and malate with about 25 per cent dilution by carbon from other 
positions, but the C‘^ in the carboxyl groups of fumarate will not be recov- 
ered. Since, according to Krebs el al. (32), the ratio of fumarate to malate 
under these conditions is about 1 ;3, a large part of the C“ will be recovered. 
The last column represents a calculation of the mir of C“ fixed. 

T.4.BLE VII 

Effect of Adenosine Triphosphate (ATP), Adenylic Acid (.U), and Diphosphopyridine 
Nucleotide (DPN) on C’^0: Fixation with Fumarate and Pyruvate 
.Is Substrate 


Eiperi- 

Bcnt 

^’o. 

Additions 

Loctic 

add 

forroed 

Ce(SO*)z fraction 

Rccot- ! 
ered 

1 





nu 

tSJ/ 

Perctzi 


1 


0.036 

1.20 

0.03 

3.2 

2 

DPN 0.005 mit 

0.063 

l.OS 

0.03 

9.0 

3 

ATP 0.014 “ 

0.065 

1.07 

0.12 

13.1 

4 

DPN 0.005 “ -b ATP 0.014 mil 

0.094 

0.99 

0.23 

22.6 

3 

“ 0.005 “ + AA 0.014 mil 

0.074 

1.10 

0.11 

11.9 


* Other components, 3.5 ml. of liver extract (dialyzed against KCl), 0.35 mir 
of Jfa fumarate, 0.35 m\r of Jfa pyruvate, 0.05 nm of MnCh, 0.4 nm of phosphate 
buffer (pH 6.2), 0.65 mii of NaHC“0; excess C“ = 4.41 per cent) in a total volume 
of 12.0 ml.; time, 60 minutes. 


It should be noted that analyses by the aniline citrate method of several 
preliminary experiments showed that no appreciable amount of o.xalacetate 
accumulated during the reaction. Therefore, the acid-heat treatment was 
omitted in these experiments. 

If neither ATP nor DPN was added (Experiment 1, Table \TI), only 
0.036 mu of lactate was formed, and little C'* (3.2 X 10~‘ mil) was fixed. 
The addition of DPN almost doubled the lactate formed and gave a C’’ 
fixation of 9 X 10~^ mir. ATP alone gave about the same amount of 
lactate but raised the C“ fixed to 13.1 X 10~* mil. These effects of ATP 
and DPN (Rxperiment 4) appeared to be additive as far as both the lactate 
production and C“ fixation were concerned. From these e.xperiments, it 
appears that ATP has a stimulatory effect upon Reaction 11 (lactate for- 
mation) as well as upon the fixation reaction. The stimulatory effect of 
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ATP upon malic dehydrogenase also has been studied by the Thunberg 
method of methylene blue reduction. In these experiments also, ATP 
caused a distinct stimulation (unpublished experiments). 

In Experiment 5, an attempt was made to substitute AA for ATP. DPN 
was also present in this experiment. The lactate production (0.074 mM) 
was slightly higher than with DPN alone (Experiment 2), and the 0“ 
fixation was similarly increased. However, neither value was high enough 
to suggest that AA could replace ATP in the system. 

From these preliminary cxperunents, it can be concluded that ATP exerts 
an effect on CO 2 fixation in the fumarate-pyruvate system, and that this 
effect is partially due to a stimulation of the formation of oxalacetate from 
malate. It is somewhat puzzling to note that Evans et al. (9) as well as 
Wood ct al. (10) obtained excellent fixation with about the same system 
without added ATP. , The explanation for this partial discrepancy is not 
apparent, although it is possible that even higher Exation would have been 
obtained if ATP had been included. In one experiment, Evans et ai. (9) 
reported that Mn'*^' and DPN did not entirely replace the stimulatoiy effect 
of boiled tissue extract, suggesting that some 'other factor was involved. 
It is interestmg to note that Schlenk and Sclilenk (33) reported that impure 
DPN (75 per cent) contained up to 15 per cent adenosine-5-monophosphate 
(AA) or ATP as an impurity. The method used did not distinguish be- 
tween the two compounds. In all of the experiments with the fmnarate- 
pyruvate system, impure DPN has been added and it is possible that con- 
siderable ATP was added in this way. 

DISCUSSION 

At the present time, the nature of the stimulatory effect of ATP upon the 
Exation of CO 2 in oxalacetate is not clear. Two possible modes of action 
are suggested: (a) stimulation through phosphorylation of a cofactor of the 
reaction and (b) stimulation via direct participation of ATP in the reaction. 

To illustrate the first possibility, the fimction of ATP might be to phos- 
phorylate thiamine to diphosphothiamine, with the latter compound play- 
ing a part in the fixation reaction. Diphosphotluamine has been suggested 
by Smythe (34) to have such a rble, although Ixrampitz et al. (5) could find 
no support for such a claim. In any case, the phosphorylation of thiamine 
by ATP has been demonstrated (35-37). As a second example of phos- 
phorylation of a cofactor by ATP, Gunsalus et al. (38) believe that pyridoxal 
is phosphorylated by ATP and that the resulting compound is a coenzyme 
of tyrosine decarbo.xylase. Other similar reactions are conceivable. The 
possibility that ATP acts in the present reaction by phosphorylating some 
coenzyme is weakened somewhat by the fact that activation by ATP ocems 
even after purification of the preparation by (NH 4 ) 2 S 04 precipitation and 
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dialysis. These procedures usually remove readily dissociable coenaymes, 
and it would be expected that the ATP reaction would be lost after purifica- 
tion. However, it should be noted that the purification procedures were 
not sufficiently exhaustive to remove certain of the tightly bound coenzymes 
(cf. for example Umbreit ei al. (39) and Green el al. (40)). 

The second possibility, direct participation of ATP in the fi.xation re- 
action, could come about through the phosphorylation of one or more of 
the compounds involved. Possible intermediates include phosphopyruvate 
and labile phosphate derivatives of pyruvate, o.xalacetate, and CO*. 

Work now in progress on the role of ATP indicates that diphosphothiamine 
and phosphopyruvate will not replace -\TP in the fixation reaction, vir- 
tually eliminating these two possibilities from the foregoing lists. 

As mentioned previously, there is not a perfect correlation between the 
ability of a preparation to fix CO* in oxalacetate and its ability to decar- 
boxylate oxalacetate. In liver preparations, the amount of C“ fixed in the 
fi-COOH has varied from 0.03 per cent excess to 0.65 per cent excess, even 
though the conditions of the experiments were similar and ATP was added 
in both cases. In spite of the marked difference in the rate of fixation, the 
rates of decarboxylation of oxalacetate differed only slightly. 

This situation obtains also when the enzyme preparations are obtained 
from rat and chicken liver. An extract of an acetone powder of chicken 
liver fixed a significant amount of C“ in oxalacetate but the values did not 
approach those obtained with pigeon liver. Nevertheless, the rate of 
decarbo.xylation of oxalacetate was comparable to that of pigeon liver. 
Extracts of lyophilized homogenates of rat liver decarboxylate oxalacetate 
quite rapidly but may exhibit very poor fixation of C“0*. The above facts 
strongly suggest that the decarbo.xylation and fixation reactions are not 
identical in aU phases and that a single enzyme does not mediate both 
processes. 

As a possible explanation, Reaction 13 is presented. In this series of 
Oxalacetate -f- HjPO» 

i (o) 

I 

Phosphorylated pyruvate -{- CO: (13) 

/ \\(d 

(6)/ ATP\\ADP 
^ \\ 

Pyruvate -p HiPOt Pyruvate 

reactions, the fixation reaction is assumed to occur by the junction of CO; 
with a phosphorylated derivative of pyruvate (a). This derivative is not 
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necessarily the 'well Icnown cnol-phosphate compound. As a further as- 
sumption, the intermediate compound can undergo two additional reac- 
tions: (6) an irreversible phosphatase reaction resulting in the formation of 
pyruvate and H3PO.1 and (c) a revemiblc reaction with the ATP-ADP 
system. In such a system, fi-xation of CO 2 by (a) will probably be de- 
pendent in part upon the maintenance of a suitable concentration of the 
phosphorylatcd intermediate. In turn, the concentration of this substance 
will depend upon a balance of all the reactions and in particular of (b) and 
(c). If the synthesis of pliosphorylatcd pyruvate from pyruvate and ATP 
(c) is sufficiently rapid in comparison with (b), a suitable concentration of 
the intermediate will be maintained and fixation can occur. Furthermore, 
since the synthesis via (c) will depend on the presence of the necessary 
enzyme and the concentration of pyruvate and ATP, the stimulatory 
effect of ATP can be explained. 

On the other hand, the poor correlation between fixation and decar- 
boxylation of oxalacetate can be accounted for by another type of balance 
in the same series of reactions. If (b) of Reaction 13 is sufficiently rapid 
with respect to (c) and to (a), little fixation would occur, although de- 
carboxylation ivould be rapid. 

It is perhaps worth while to point out that the methods employed in the 
present study necessitate the halting of the reaction before equilibrium is 
reached, since it is desired that a suitable quantity of oxalacetate be left for 
analysis. Therefore, the important consideration of any series of reactions 
such as those described is one of comparative rates rather than one of final 
equilibrium point. 

It should be emphasized that the above series of reactions is illustrative 
only and is not intended as a proposal of the actual mechanism of CO 2 
fixation. It can be shown that any scheme inimlving a minimum of two 
paths for either the decarboxylation reaction or a subsequent reaction 
will yield a similar result; i.e., a non-correlation between the fixation and 
decarboxylation reactions. 

Although the foregoing example is hypothetical, it is possible to point to 
an analogous situation in the reversible reaction involving pyruvate, acetyl 
phosphate^- and formate (Reaction 14) (12, 13): 

CHrCO-COOH + HjPO* CHj-COfOPOjH-) -f- HCOOH (1-1) 

In this system acetyl phosphate can undergo two further reactions, ( 0 ) an 
irreversible dephosphorylation to acetate and inorganic phosphate and (b) 
a reversible reaction with the ATP system. It has been found (41) that 
high concentrations of inorganic phosphate inhibit the phosphatase re- 
action (o). Wlien the concentration of phosphate was increased in studies 
with formate, it was shown that acetyl phosphate accumulated and 
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also that the reaction of acetyl phosphate with formate to yield C“ pj-ruvate 
was likewise enhanced (13). 


StmiLUlT 

1. The faation of C“0: in the /9-COOH of o.^alacetate has been demon- 
strated with a preparation obtained from pigeon liver. little or no C'^Oi 
is fixed in the a-COOH of o.xalacetate, indicating that no symmetrical 
compounds are involved. The fi.xation is of sufficient speed to account 
for the total fixation of COj prexuously reported for this type of preparation. 

2. The fixation of CO- in oxalacetate is greatly aided by the presence of 
adenosine triphosphate, especially in dialyzed preparations. Adenylic acid 
will not replace adenosine triphosphate in the system. 

3. Ewdence is presented that the conversion of oxalacetate to pyruvate 
and CO 2 represents the over-aU reaction under study. In particular, the 
possible participation of o.xalosuccinate and acetoacetic acid is elim- 
inated. 

4. Mn++ is necessary for the fixation reaction and Mg++ will not serx'e 
as a replacement. 

5. Adenosine triphosphate also stimulates the fixation of C”Oj when 
fumarate and pyruvate are used as substrates. .Adenosine triphosphate 
appears to stimulate the formation of oxalacetate from fumarate as well 
as the incorporation of C” in the former compound. 

6. A possible e.xplanation for the obsen'ed lack of correlation between 
decarbo.xylation as compared to carbo.xylation is presented. 

We wish to thank the staff of the Physics Department of the Universitj' 
of ilinnesota, and particularly Dr. A. O. l^ier, for valuable assistance in 
obtaining C” and in determining the isotope concentrations. 
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IDEiNTIFICATION OF THE UNOLEIC AND UNOLENIC 
ACIDS OF BEEF TALLOW 


Br H. B. KXIGHT, E. F. JORDAN, Jr., a-n-d D.A.NIEL SWERN 
(From the Eastern Regional Research Laboratory * Philadelphia) 

(Received for publication, llarch 8, 1946) 

Hilditch and Longenecker (1), in an in-vestigation of the component acids 
of beef tallow, failed to obtain the tetrabromostearic acid, m.p. 115°, 
characteristic of vegetable oil linoleic acid (cis, «s-9,12-liQoleic acid), 
upon bromination of the fraction which contained the octadecadienoic 
acid. In addition, upon oxidation of this fraction with potassium per- 
manganate, they obtained only small 3'ields of tetrahydroxystearic acids, 
whereas jnelds of at least 40 per cent may be e.vpected from the linoleic 
acid of vegetable oil (2). Failure to obtain the usual identifying tests for 
cis,«s-9,12-linoleie acid was in agreement with results obtaioed by other 
workers who studied the octadecadienoic acids obtained from numerous 
other fats of animal origin (3). The octadecadienoic acid of lard, however, 
gives fair jdelds of the tetrabromostearic acid and the tetrahydroxystearic 
acids characteristic of the linoleic acid of vegetable oil (3). Since the 
octadecadienoic acid of beef tallow had been shou-n by oxidative splitting 
to be a 9 , 12-linoleic acid, it was concluded by these earlier workers that it 
must be a geometrical isomer of vegetable oil linoleic acid. 

It seemed surprising to us that there should be a difference between the 
octadecadienoic acids of beef tallow and lard, and it was considered desirable 
to reinvestigate the nature of the octadecadienoic acid of beef tallow, and, 
at the same time, to attempt to characterize the trienoic acid which spectro- 
photometric analysis had shown to be a usual, although minor, constituent 
of this fat (4). 


EXPEKIMEXT.XL 

The best grade of edible beef tallow (fattj' acid composition shomi in 
Table I), obtained from the internal organs of the animal, was emploj'ed. 
Its fatty acid composition was calculated from spectrophotometric analysis 
(4) and the iodine number (48.3). The tallow was converted to fatty 
acids by the rapid, large scale, laboratory saponification procedure pre- 
viously reported and the saturated acids and the oleic acid were removed 
by crj'stallization from acetone at —20° and —60°, respectively (5). The 
filtrate acids from the —60° crystallizaticn contained more than 90 per 

* One of the laboratories of the Bureau of .Agricultural and Industrial Chemistry, 
Agricultural Research Administration, United States Department of .Agriculture. 
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cent of the polyunsiiturjited acids originally present in the tallow. From 
20,000 gin. of tallow, 2000 gm. of these filtrate acids (iodine number 
105.2, neutralization equivalent 290) were obtained. This material was 
then further fractionated as shown in the accompanying diagram. The 
apparatus and technique employed in the low temperature crystallizations 
have been reported previously (G). It should be pointed out that through- 
out the entire fractionation procedure distillation was employed in only 
one step (F-2 to D-2), and this was a rapid, straight i-un, vacuum distilla- 
tion at 1 mm. through an 18 inch Vigreu.v: column, which has a very low 
pressure drop. Distillation was conducted in this manner to avoid over- 
heating and, perhaps, isomerizing the polyunsaturated acids. 

Fractions F-3, P~l, and F-4 were analyzed spectrophotometrically (4) 
for polyunsaturated acids; their composition is shown in Table 11. 


Table 1 

Composilion of Edible Beef Tallow Employed ,4s Starting Material 



ptr cent 


46.3 

Saturated acids 

50.3 

Non-conjugated diene acids 

2.2 

■ “ trieno “ 

0.46 

“ tetraenc acids 

0.09 

Conjugated diene acids 

; 0.66 

“ triene “ 

1 0.025 

“ tetraene acids 

0.002 


Brominalion and Isolalioii of Solid Bromides — To a well stirred solution 
of 95 gm. of Fraction P-4 (Table II and diagram) dissolved in 2000 ml. of 
petroleum ether (boiling range, 30-75°) and cooled to —5° to —10°, 86 
gm. of bromine were added dropwise over a 20 minute period, during which 
the temperature rose to about —3°. A white solid precipitated during the 
addition of bromine. The mixture was stin-ed for 4 hour at —5° after the 
bromine addition was complete. Amylene was added until the bromine 
color had disappeared; the solution was kept at —20° overnight, after 
which it was filtered by suction. After the precipitate was washed with 
500 ml. of petroleum ether at —20°, it was a white, crystalline solid and 
weighed 33.9 gm. Its melting point was 109-115°, a small quantity re- 
maining unmelted to 133°. This wms finely ground and washed several 
times with boiling ethyl ether to separate it into an ether-soluble (30.8 
gm.) and an ether-insoluble portion (3.1 gm.). The ether-insoluble por- 
tion, m.p. 171-174°, was crystallized twice from xylene, yielding 1.8 gm. 
of 9,10,12,13,15,16-hexabromostearic acid, m.p. 180°. When it was 
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mixed mth the hexabromostearic acid prepared from penlla oil fatty acids, 
the melting point i\as unchanged. 

Fractionation of Polyunsaturated Acid Fraction Obtained 
from ^0,000 Gm of Edible Beef Tallow* 

2000 gm , I Xo 105 2 


Crjstallization from acetone 
at —65°, 15 ml per gm 


1 

(P-l) 912 gm , I Xo SI 1 

1 

10S7 gm , I No 125 1 (F 1) 


1 

Crystallization from acetone 
at— 60°, 10 ml per gm 

1 

1 

■ 

1 

(P-2) 200 gm . I Xo 9S 

2 

SS9 gm , I Xo 129 9 (F 2) 


r 

Straight run distillation 
atlmm pressure 

1 

1 

r 

1 

1 

62 gm (100-195°, 

634 gm (195-200°, 

1S6 gm 

(D-1) 1 mm ), 

1 mm ), I Xo (D 2) 

(residue) 

I Xo. 74 0 

132 9 

1 

Crj stallizatiOD from acetone 
at —60°, 10 ml per gm 

1 



r : 

(P-3) 102 gm , I Xo 110 1 530 gm , I Xo 136 6 (F 3) 


Cr>staIIizatioa from acetone 
at —77°, 10 ml per gm 
i 


(P-l) 277 gm , I Xo 130 5 240 gm , I 145 3 (F-i) 

* P = precipitate, F = filtrate, D = diiitillate 

The ether-soluble portion nas crj'staUised at —20° from a mixture of 
ethyl ether and petroleum ether, yieldmg 24 1 gm. of 9,10,12,13-tetra- 
bromostearic acid, mp. 112-112.7°. TlTien it nas mixed with the tetra- 
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bromostcaric acid obtained from corn oil fatty acids, the melting point was 
unchanged. 

Fraction F-4 (95 gm.) was brominated as described above \vith 96 gm. of 
bromine; 38.1 gm. of insoluble bromides, m.p. 123-139°, were obtained. 
This precipitate was separated into an ether-soluble portion (25.5 gm.) 
and an ether-insoluble portion (12.6 gm.). The ether-insoluble portion 
was crystallized twice from xylene (small quantities of bromides insoluble 
in boiling .xylene were discarded), yielding 5.1 gm. of 9,10,12,13,15,16- 
hexabromostearic acid, m.p. 170-171.5°, with a small amount remaining 
unmeltcd at 198°. When it was mixed with the hexabromostearic acid 
prepared from perilla oil fatty acids, the melting point was unchanged. 
The small amount remaining unmeltcd at 198° probably consisted of bro- 
mides of acids containing more than three double bonds. 

The ether-soluble material from the bromination of Fraction F-4 was 
crystallized from a solution of ethyl ether and petroleum ether. The yield 


Table II 

Speclropholomctric Analysis of Fractions F-3, P-4, and F-4 for Polyunsaturated Acids 



Non-canjugatcd acidi 

Conjugated acids 


Diene 

Tficne 

Tctraene 

Diene 

Triene 

Te triene 


per cent 

per cent 

per eenf 

per cent 

per cent 

per cent 

F-3 


7.5 

0.91 

4.6 

0.13 

0.007 

P-4 


5.0 

0.23 

4.4 

0.10 

O.OW 

F-4 


9.5 

1.8 

5.8 

0.20 

0.008 


was 13.2 gm. of 9,10,12,13-tetrabromostearic acid, m.p. 108.5-113°. 
When the substance was mixed with the tetrabromostearic acid obtained 
from com oil fatty acids, the melting point was unchanged. 

DISCUSSION 

On the basis of the spectrophotometric analysis (Table II), it is possible to 
calculate the yield of solid tetrabromostearic and hexabromostearic acids 
obtainable from Fractions P-4 and F-4, assuming that only 50 and 25 per 
cent of the theoretical yields of these acids can be obtained from the non- 
conjugated diene and triene acids, respectively (7, 8). These yields are 
compared, in Table III, with those actually obtained. 

From the high yields of solid bromides shown in Table III, one must 
conclude that the non-conjugated octadecadienoic and trienoic acids of 
beef tallow consist mainly of cfs, cis-9,12-octadecadienoic and cis,cis,cis- 
9 , 12 , 15-octadecatrienoic acids, respectively. Stated another way, the 
major proportion of the 9 , 12-linoleic and 9,12,15-linolenic acids of beef 
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tallow has the same geometrical configuration as the linoleic and linolenic 
acids of vegetable oil. Our data do not preclude the possibility that beef 
tallow contains other non-conjugated isomers of linoleic and linolenic 
acids in small proportions, since our bromide yields were always less than 
e.xpected. Lo\y yields of solid bromides might be expected, however, even 
i; all the non-conjugated linoleic and linolenic acids present were identical 
ivith vegetable oil linoleic and linolenic acids, since the j-ield of solid bro- 
mides is affected markedly by the other component acids of the mixture 
under investigation and low 3'ields are clearly related to the concentration 
of oleic and saturated acids, which interfere unth the complete precipita- 
tion of the solid bromides (9). 

Also worthy of note is the fact that the iodine numbers of Fractions F-3, 
P-4, and F-4 as calculated from the spectrophotometric data are 3.8, 2.6, 
and 6.6 units lower than the iodine numbers determined. In calculating 

Table III 


Calculated Yields of 9 ,10 ,12,13-TetrabTomoslearie and 9,10,12,lS,t5,16-HexabTama- 
stearic Acids and Yields Obtained from 95 Gm. Each of Fractions P-4 and F-4 


Fractloa 

9, 10, 12. IJ-Tetrabroaosteuic add 

9. 10. 12. 13. 15. 16-Heiabroaostearic add 

Calculated 

Fooad 

Calculated 

Fousd 


gm. 

gm. 

gm. 

gm. 

P-4 

26.7 

24.1 

3.3 

1.8 

F-4 

23.8 

13.2 

6.3 

0.1 


the iodine number from the spectrophotometric data, it was assumed that 
the Wijs solution adds to all the double bonds in the conjugated acids and 
that no saturated acids were present. The large excess of "Wiis solution 
with respect to conjugated acids makes the first assumption reasonable. 
The discrepancy is greater still, however, when one considers that satu- 
rated material is undoubtedly present in these fractions. The discrepancy 
is not due to inaccuracy of the methods, since on comparison the iodine 
number of soy bean and cottonseed oils (per cent of oleic and saturated 
acids known) calculated from spectrophotometric data usually agrees within 
1 unit of the iodine number determined. One possible explanation for the 
discrepancy is that tallow contains small proportions of pohninsaturated 
acids, which have been concentrated in Fractions F-3, P-4, and F-4, in 
which the double bonds are too far apart to be conjugated by means of alkali 
under the conditions emploj-ed in the spectrophotometric analj-sis. These 
acids cannot, therefore, be determined spectrophotometrcially, but they 
must react in the normal manner wth Wijs iodine solution. 

Also of interest is the fact that the ratio of conjugated diene to non- 
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conjugated diene fatty acids in the starting material and in Fractions F-3, 
P-1, and F-4 is surprisingly high. Tins is somewhat une.xpected, but it has 
been confirmed by e-xamining other samples of tallow spectrophoto- 
metrically. 

Establishment of the fact that the non-con jugated di- and triunsaturated 
acids of beef tallow consist primarily of cfs,cfs-9,12-linoleic acid and 
m,cis,cis-9,12, 15-linolenic acid, respectivcli'’, is of some significance from 
a nutritional standpoint, since it would indicate that beef tallow (as well as 
lard) is satisfactory as a source of the so called “essential” fatty acids (the 
linoleic, acid of lard having been shown previously to be cis,cis) (3). 

The authors are indebted to B. A. Brice and Margaret L. Swain, of this 
Laboratory, for the spectrophotometric analyses. 

SUM3URY 

Crj'stalline 9,10,12,13-tctrabromostearic and 9,10,12,13,15,lG-he.xa- 
bromostearic aeids, identical with those obtained from vegetable oils, 
have been isolated in good yields from the polyunsaturated aeids of edible 
beef tallow. It has been concluded, therefore, that the non-conjugated 
octadecadienoic and trienoic acids of beef tallow consist mainly of as, cis- 
9,12-linoleic and efs,efs,cfs-9,12,15-linolenic acids, respectively. 

On concentrates of pol 3 amsaturated acids obtained from edible beef 
tallow, discrepancy between the iodine values determined and those calcu- 
lated from spectrophotometric data suggests the possibility of the presence 
in this fat of minor proportions of polyunsaturated acids with double bonds 
too far apart to be conjugated with alkali under the conditions employed 
in the spectrophotometric analysis. 
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LETTERS TO THE EDITORS 


BIOLOGICAL ACETYLATION OF NATURAL AillNO ACIDS* 
Sirs: 

In 1910 ELoop suggested the occurrence of N-acetyl derivathes as inter- 
mediates in the biological synthesis of amino acids.* This hj-pothesis 
gained support from the work of du ^Igneaud and Irish= and from subse- 
quent work of du \'igneaud et aD Both acetic acid* and pyruvic acid* are 


Aerobic Incubation oj Rat Lner Slices with Deuteno Acetic Acid (59 Alan Per Cent 
Excess Deuterium) and Amino Acids (0 01 st) at 37“ 

Time of incubation, 3 hours, buffer volume, 50 ml pergm ofwetUver. 


Atamo aad added 

M) 

Molancy of 
deuteno »ceute 
: m bvSer 

<S) 

1 Atosj per cest D 

1 m acetal gro.p of 
L&olotea aolaniso 
acid 

1 CO 

1 

( Mf acyUaiao oed 
forsed per sa. vet 
^ li%er* 

(£>) 

2-Leucine 

0 03 

1 ^ ^ 

0 36 

“ i 

0 04 

1 00 (1 00)T 

0.51 

/-Phenylalanine 

0 03 

1 20 (1 20)t 

0.41 

n j 

0 04 

1 1 27 (1 22)t 

0.44 

/-Phenylanunobutj nc acid 

0.02 

9 2 

2.5 


* Calculated from the equation x = (C/lCa — 0)y. where C — atom per cent D 
in the acetyl group, Co = atom per cent D m the acetic acid added, y = mg. of normal 
acetylamino acid added 

f .\nalysi3 after second recrjstallization. 

sources of acetyl in the acetylation of phenylaminobutyric acid in intact 
a nima ls. Since it is unlikely that the acetyl derivatives of natural amino 
acids would accumulate m viio in quantities sufficient for Eolation, the 
acetylation has been investigated m an tn intro system. 

* This work, was earned out with the aid of grants from the Josiah Macy, Jr., 
Foundation and from the Xutrition Foundation, Inc 

‘ Knoop, F , Z physiol Chem , 67, 4S9 (1910) 

» du Vigneaud, V , and Insh, O J , / Biol Chem , 122, 349 (1937-3S). 

“ du Vigneaud, V , Cohn, M , Brown, G B , Insh, 0 J , Schoenheimer, R , and 
Rittenberg, D , J Biol Chem , 131, 273 (1939) 

‘ Bernhard, K , Z. physiol Chem , 267, 91 (1940) 

‘ Bloch, K., and Rittenberg, D , J Biol Chem., 165, 243 (1944). 159, 45 (1945). 
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Hilt liver slices were incubated in Krebs’ phosphate buffer to which had 
been added deutcrio acetic acid and either /-leucine, /-phenylalanine, or 
/-phenylaminobutyric acid. After incubation, small quantities of the cor- 
responding non-isotopic acctylamino acids were added, as carriers, to the 
supernatant bulTer fluid and isolated after ether extraction and reci^stalli- 
zation from water of tiie ether-soluble residue. The presence of deuterium® 
in the isolated compounds demonstrates that acetylation of the amino acids 
had occurred (see the table). Non-enzymatic exchange was eliminated by 
a control experiment without tissue. Since breakdown of acetylamino 
acids imder the same experimental conditions has been observed, it is likely 
that the quantities of acetylamino acids formed during the entire experi- 
mental period were considerably greater than is indicated from thecalcu- 
lated values. Moreover, acctylphenylaminobutyric acid which, once 
formed, is not further metabolized, accumulates in much larger quantities 
than the acetyl derivatives of the two .natural amino acids. 

The observed acetjdation of leucine and phenylalanine in a biological 
system suggests strongly that acetylamino acids are products in the nonnal 
intermediary metabolism of amino acids and that acetylation is not confined 
to amines and amino acids which are foreign to the animal body. 

DcparlmciU of Biuchcmislnj Ko.n'bad Bloch 

College of Physicians and Surgeons Ernest Borek 

Columbia Universily 

New York State Psychiatric Institute and Hospital 
New York 

Received for publication, June 10, 1940 


5 Micro deuterium analyses were carried out by an unpublished method developed 
by D. Rittenberg. 




THE ANTAGONISM OF SULFONAAIIDE3 BY PTEROYL- 
GLUTAMIC ACID AND RELATED COMPOUNDS 


Sirs: 

We have been studying the relation between pteroic acid derivatives' 
(L. casei factor, folic acid, etc.) and sulfonamides in various bacteria. 
The interactions of the sulfonamides and folic acid in animal metabolism 
have been reviewed recently.- It had also been noted that the inhibition 
of Laciobacillus arabinosus by sulfapyridine was reversed by a factor in 
liver e.\tract which resembled folic acid.’ 

We have noted that organisms requiring the preformed derivatives for 


Growth and Anlisulfonainide Activity for Streptococcus faccalis Strains' 




S fiuciu (Ralston) 


S. fiuclis 
R.haU 

Compound 

Half ir.iximmn aatASomssi of sulfadiasine (SD) 

50 per cent 


I7SD 
per ml 

1 IOtSD 

1 perol 

1007 SD 
per ml. 


in 

turbidity 

groiFth 

p-.'Vminobenzoic acid 
p-.-iminobenzoylglu- 

0.003 

0 03 

0.3 

3.0 

0.001 

1 Inactive 

tamic acid. . 

1 

30 

300 

>300 

0.05 

1 H 

1 

Pteroylglutamic acidf 

0.0003 

0.0003 


0.0003 

0.0001 

0.00015 

Pteroyltriglutamic acidf. 

0.004 

0.004 

0.004 

O.OOS 

O.OOS 

0.003 

Thymine 

0.06 

0.25 

0.25 

0.25 

0.25 

0.3-0. 5 


* -AJl values are given in micrograms per ml., after 24 hours incubation. 

tThe pteroylglutamic acid is a sample of sjTitbetic material; the pteroyltriglu- 
tamic acid a preparation isolated from a fermentation liquor. Both were generously 
furnished by Dr. B. L. Hutchings and Dr. E. L. R. Stokstad of the Lederle Labora- 
tories, Pearl River, Xew York. 

growth are relatively insensitive to sulfonamides. On the usual basal 
media for lactobacilli (free of p-aminobenzoic acid) the grotvth of L. casei 
and of Streptococcus faecalis R on pteroylglutamic acid or on thymine is 
not inhibited at 16 hours by 1280 y of sulfadiazine per ml. 

The related organism S. faecalis (Ralston) grows without added pteroyl- 

* .4ngier, R. B., Boothe, J. H., Hutchings, B. L., Mowat, J. H., Semb, J., Stok- 
stad, E. L. R., SubbaRow, Y., Waller, C. W., Cosulich, D. B., Fahrenbach, M. J., 
Hultquist, M. E., Kuh, E., Xorthey, E. H , Seeger, D. R., Sickels, J. P , and Smith, 
J. M., Jr., Science, 103, 667 (1016). 

* Daft, F. S., and Sebrell, W. H., in Harris, R. S., and Thimann, K. V., \ itamins 
and hormones, Xew York, 3, 49 (1945). 

* Teply, L. J., .Yxelrod, A. E., and Elvehjem, C. .4 , J. Pharmacol, and Ezp. 
Therap., 77, 207 (1943). 
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LETTEIIS TO THE EDITORS 


glutamic acid, but is stimulated by this and related compounds. The 
data of the table show that a competitive inhibition occurs between sulfa- 
diazine and p-aminobenzoic acid or p-aminobenzoyl-Z-glutamic acid.^ 
The antagonism by the pteroic acid derivatives or by thymine is non- 
competitive; i.c., a relatively constant amount is required to antagonize 
any level of the sulfonamide. These amounts appro.ximate those required 
to stimulate the growth of this strain in the absence of sulfonamides or to 
support growth of S. faecalis R. The synthesis of pteroylglutamic acid, 
etc., from p-aminobenzoic acid must then be the point of sulfonamide 
inliibition under these conditions. Similar results have been obtained 
with sulfanilamide, sulfathiazole,. and sulfapyridine or by use of L. arabi- 
nosus 17-5 and a series of enterococci. 

It has not been possible to demonstrate a similar non-competitive an- 
tagonism with Escherichia coli, Staphylococcus aureus, or Diplococcus 
pneumoniae. This indicates that pteroylglutamic acid probably does not 
interfere with sulfonamide therapy with most organisms. 

Chemolhcrapy Division J. 0. L.^mpen 

Stamford Research Laboratories M. J. Jo.xes 

American Cyanamid Company 
Stamford, Connecticut 

Received for publication, Juno 5, 194G 


‘ Auhagen, E., Z. physiol. Chem., 277, 197 (1913). 



PROTEIN-PHYTIC ACID RELATIONSHIP IN 
PEANUTS AND COTTONSEED 


Bt THOAUS D. FONTAINE,* WALTER A. PONS, Jb., and 
GEORGE W. IRVING, Ja.* 

{From the Southern Regional Research Laboratory, Bureau of Agricultural and 
Industrial Chemistry, Agricultural Research Administration, 

United States Department of Agriculture, New Orleans) 

(Received for publication, April 5, 1946) 

Piiytin, the calcium, magnesium, and potassium salt of phytic acid 
(inositol hexaphosphoric acid), is the principal storage form of phosphorus 
and inositol in all seeds (1-5). Although phytin or phytic acid was long 
considered to occur only in plants, recent work has shown that its occur- 
rence is more widespread. Thus Rapoport and Guest (6) have demon- 
strated that the erythrocytes of the chicken and turtle contain appreciable 
amounts of phytic acid, While other investigators (7-10) have shown that 
phytin is also present in various soils. Furthermore, the nutritional 
significance of inositol (11) and phytic acid (12-14) is fairly well established. 
Phytic acid exhibits rachitogenic properties because it is capable of for min g 
insoluble salts with calcium that are not absorbed through the intestinal 
wall. This rachitogenic activity can be destroyed under certain conditions 
by the enzyme phytase (15) which normally occurs in most seeds. 

In the course of investigations on peanut and cottonseed meals in this 
Laboratory, it was found that there is present in these meals a dialyzable 
substance that exerts a pronounced eSect on the solubility characteristics 
of the meal proteins (16). This dialyzable meal constituent has now been 
identified as phytin. Since phytin is normally present in seed meals in 
relatively large quantities, and since its effectiveness in influencing the 
solubility characteristics of the meal proteins is marked, it was deemed 
advisable to investigate thoroughly the protein-phytic acid relationship 
in seeds with the view of contributing toward the eventual elucidation of 
the r61e played by phytic acid in the economy of the plant and of pointing 
the way to possibilities for the fuller industrial utilization of the protein 
constituents of both peanut and cottonseed meals. The protein-phytic 
acid solubility relationship over a wide pH range has been determined for 
peanut and cottonseed meats and the corresponding dialyzed meals and 
isolated proteins, and is presented in this paper. A limited number of 
comparative data on the protein-phytic acid solubility relationship in 

* Present address. Bureau of Agricultural and Industrial Chemistry, .\gricultural 
Research Center, Beltsville, Maryland. 
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soy bean meal are also ineluded. Since the naturally occurring enzyme 
phytase rapidly hydrolyzes phytic acid to inositol and phosphoric acid, a 
few of the characteristics of the phytase present in the seed meals investi- 
gated are also presented. 


Materials and Methods 

Peanut Meal — A composite sample of a Pearl variety of peanuts (white 
skins) (17), grown in 1943, was used in this work. The peanuts were 
mechanically shelled, cracked, and flaked in the early summer of 1944, and 
the oil was removed from the flakes by extraction Avith a continuous flow 
of cold Skellysolve F (a naphtha solvent, b.p. 3(H30°). Residual solvent 
was removed by aeration at room temperature, and the extracted flakes 
Avere ground to produce a fine meal. The meal* contained 0.762 per cent 
total phosphorus and 0.070 per cent inorganic phosphorus (9.18 per cent 
of the total), as thus prepared. 

Cottonseed Meal — Fresh cottonseed meats received from a Mississippi 
mill in 1943 were cracked and flaked, and the oil was extracted in a large 
Soxhiet type extractor by means of ethyl ether. Residual solvent was 
removed by aeration at room temperature, and hull particles were removed 
from the oil-free meats by means of a Raymond separator mill. The 
meal* so obtained contained 1.532 per cent total phosphorus and 0.080 
per cent inorganic phosphorus (5.21 per cent of the total). 

Soy Bean Meal — A small batch of an unidentified variety of soy beans 
(1943 crop) was ground in a meat chopper and extracted in a glass Soxhiet 
apparatus with Skellysolve F. After the initial e.xtraction, the excess 
solvent was removed at room temperature, and the partially defatted 

* Analysis of several batches of solvent-extracted meals prepared from seeds ob- 
tained at different times has shown some variation in the amounts of total and in- 
organic phosphorus present. These variations can possibly be e.xplained by a differ- 
ence in the maturity of the seeds, as has been pointed out by Earley and DeTurk 
for corn (5). Through the kind cooperation of Dr. J. W. Neely, Stoneville, Missis- 
sippi, a series of immature cottonseed bolls rvas obtained for analysis. The bolls 
were picked at intervals of 5, 15, 21, and 30 days after flowering. They were opened, 
and the lint was removed from the seeds by hand, after which the seeds were dried at 
105°, ground, and extracted with Skellysolve F. The meals contained, respectively, 
on a moisture- and oil-free basis, 1.05, 0.48, 0.49, and 1.02 per cent total phosphorus 
and 0.263, 0.17, 0.201, and 0.214 per cent inorganic phosphorus (25, 35.4, 41.0, and 
20.9 per cent of the total). When it is considered that the oil-free meal from mature 
cotton seeds contains approximately 1.5 per cent total phosphorus and approximately 
0.08 per cent (5 per cent of the total) inorganic phosphorus, it is apparent that in the 
period between 21 days after flowering and maturity of the cotton seed there is an 
increase in the content of organic phosphorus with a concomitant decrease in the 
content of inorganic phosphorus. It is logical to assume that similar changes 
may occur during maturation in all seeds. 
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seeds were again ground and extracted with Skellysolve F. After evapora- 
tion of the solvent at room temperature, the meal was sieved to remove a 
large percentage of the hulls before being groimd. The meal* contained 
0.755 per cent total phosphorus and 0.034 per cent inorganic phosphorus 
(4.6 per cent of the total). 

Peanut Protein — ^Peanut meal was extracted with a dilute sodium 
hydro.xide solution (pH 8.0), and the extract was clarified by centrifuga- 
tion. The protein was precipitated at pH 4.5 by the addition of hydro- 
chloric acid, and recovered by centrifugation. The moist protein was 
suspended in water (thymol was added), transferred to cellophane (Visking) 
membranes, and dialyzed against running distilled water at 4° for 3 days. 
The suspension was then dried by lyophilization (18). The dried protein 
had the following composition; moisture 10.4 per cent, nitrogen 15.43 
per cent, ash 0.31 per cent, total phosphorus 0.645 per cent, and inorganic 
phosphorus 0.014 per cent. 

CoUomeed Protein — Ethyl ether-extracted cottonseed meal was extracted 
by being stirred occasionally with sodium hydroxide solution (pH 11.0) 
for ^ hour, and the extract was removed by centrifugation. The protein 
was precipitated at pH 4.0 by the addition of hydrochloric acid, and 
was then treated exactly as described above for the preparation from 
peanuts. The dried protein had the following composition: moisture 
10.64 per cent, nitrogen 14.0 per cent, ash 0.22 per cent, total phosphorus 
1.164 per cent, and inorganic phosphorus 0.013 per cent. 

Nitrogen Determination Procedures — (a) The procedure used for deter- 
mining the percentage of total meal nitrogen peptized has been given in 
detail previously (19) but was, briefly, as follows: 2.5 gm. portions of the 
meal, contained in separate 200 ml. screw cap centrifuge bottles, were 
treated with 100 ml. of water containing sufficient sodium hydro.xide 
solution or acid solution to ^ve the final pH value desired. The suspen- 
sions were allowed to stand for 3 hours at room temperature ivith occasional 
shaking and were then clarified in the centrifuge. The pH values of the 
extracts were determined by means of a glass electrode, and total nitrogen 
was determined on duplicate aliquots by either the semimicro- or the macro- 
Kjeldahl method. All of the nitrogen values reported in this paper were 
calculated on the basis of the total volume of solvent added in each case. 

(6) The procedure used for determining the percentage of total nitrogen 
peptized for dialyzed meal samples was as follows: 2.5 gm. portions of the 
meals were transferred to cellophane membranes with 50 ml. of water and 
dialyzed at 4° against running distilled water for 48 hours. The contents 
of the membranes w'ere transferred to 100 ml. glass-stoppered graduated 
cylinders and the volumes were adjusted to 100 ml. by adding water and 
sufficient sodium hydroxide solution or acid solution to give the final pH 
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values desired. The remainder of the procedure was exactly as described 
under (a), except .that, in calculating the percentage of total nitrogen 
peptized, the total nitrogen of the dialyzed meal was considered to be 
equal to the total nitrogen of the original meal minus that lost during 
dialysis. 

(c) The procedure employed for determining the percentage of total 
nitrogen peptized in experiments in which the isolated protein was used 
was exactly as given under (a) above, except that only 1.25 gm. of protein 
were treated with 100 ml. of solvent. 

Tolal Phosp/wrus — ^Usually, the phosphorus analyses were carried out 
on aliquots of the same solutions used for determining nitrogen solubility. 
Total phosphorus was determined either by the method of Fontaine 
(20), wth the spectrophotometer at a wave-length of 820 mp, or by a 
modification of the reduced molybdate method of Gerritz (21) with the 
Evelyn colorimeter with a No. 6G0 filter. 

Inorganic Phosphorus — ^Extraction of inorganic phosphorus was ac- 
complished by a modification of the procedure of Berenblum and Chain 
(22). The method may be described briefly as follows: Equal volumes of 
the meal extracts and 12 per cent trichloroacetic acid (usually 5 ml. of each) 
were pipetted into 15 ml. conical centrifuge tubes, mixed, and centrifuged. 
2 ml. of the clear supernatant solution were pipetted into a 125 ml. separ- 
atory funnel marked at 20 ml.; then 1.5 ml. of 10 N H 2 SO 4 and 5 ml. of 5 
per cent ammonium molybdate were added, and the mixture was diluted to 
20 ml. with distilled water and mixed by swirling. 10 ml. of isobutyl 
alcohol were added, after which the funnel was shaken for IJ minutes and 
the aqueous layer was discarded. The isobutyl alcohol layer was washed 
with two successive 10 ml. portions of approximately 1.0 N HjS 04 , and the 
washings were discarded. Then 15 ml. of the stock solution of SnCb (10 
gm. of SnClj'fiHsO in 25 ml. of concentrated HCl), diluted (1:200) with 
approximately 1.0 n H 2 SO 4 , were added to the isobutyl alcohol layer, and 
the mi.xture was shaken for 30 seconds. The aqueous layer was discarded. 
The blue isobutyl alcohol layer was transferred to a 50 ml. volumetric 
flask and diluted to volume with 95 per cent ethyl alcohol. 

The intensity of the blue color was measured 1 hour after development 
in an Evelyn photoelectric colorimeter equipped with a No. 660 filter. 
The intensity of the blue color developed was found to become stable ap- 
proximately 40 minutes after development and to remain stable for at least 
19 hours. 

When meal and protein samples were analyzed directly, inorganic phos- 
phorus was extracted by shaking a 1 gm. sample of the material with 50 
ml. of 6 per cent trichloroacetic acid for 1 hour. The mixture was filtered 
through paper, and a 2 ml. aliquot of the filtrate was used for analysis, as 
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outlined above. A more detailed investigation of the inorganic phosphorus 
method used in the work reported here has been published by Pons and 
Guthrie (23). 


enperhientai. 

Solubility of Nitrogen, arid Phosphorus Compounds of Peanut, Cottonseed, 
and Soy Bean Meals in Hydrochloric Acid and Sodium Hydroxide Solutions 
over Wide pH Range — The solubility of the nitrogen and phosphorus com- 
pounds in peanut meal e.vtracta, as a function of pH, is shown in Fig. 



Flo. 1. The percentage of the total nitrogen and phosphorus of solvent-eitracted 
peanut meal which U soluble in hydrochloric acid and sodium hydroxide solutions at 
different pH values. The inorganic phosphorus values are reported as percentage of 
the total meal phosphorus. 

1. It is at once apparent that the solubility of the phosphorus compounds 
does not correspond to that of the nitrogenous constituents. A very sharp 
tninimum (15 per cent) in the total phosphorus solubility curve occurs at 
pH 3.5, whereas the Tninimntn solubility range for the nitrogenous constit- 
uents e-vtcnds from pH 3.8 to 5.5. Total phosphorus solubility increases 
very rapidly on either side of the minimiim to mavimiim values (about 97 
per cent) at pH 0.5 and 6.5. It is evident, however, that between pH 3 j 
nnd 1.5 the total phosphorus solubility is dependent upon the nitrogen 

* Siuce practically all of the phosphorus of the oil-free seed meals is present as 
phytin, and since practically all of the nitrogen is present as protein, the results can 
be considered as representative of the solubilities of phytic acid and protein. 
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solubility, indicating that most of the phosphorus (85 per cent) apparently 
is combined with the proteins at pH 3.5. This conclusion appears to be 
justified, since the proteins at pH 3.5 have a net positive charge and should 
be capable, therefore, of reacting with phytic acid. From pH 3.5 to 6.5 the 
total phosphorus solubility increases more rapidly than does the nitrogen 
solubility, indicating that as the proteins pass through their isoelectric 
points the protein-ph 3 'tic acid complc-ves dissociate. For e.xample, at pH 
5.8 only 13 per cent of the meal nitrogen is in solution, whereas 86.6 per 
cent of the phosphorus is soluble. 

At pPI values lower than 1.5 the solubility of the meal proteins decreases 
rapidly, while there is a slight increase in the percentage of the total phos- 
phorus which is soluble. The present evidence leads to the belief that this 
effect arises from the complete displacement of the phytic acid ion by the 
chloride ion at pH values lower than 1.5. At pH values higher than 6.5 
the opposite result is obtained; namely, the percentage solubility of total 
phosphorus decreases, while that of the nitrogen increases. In this in- 
stance precipitation of 'the normally soluble phytate ion results from the 
formation of an insoluble mixed magnesium, calcium, and potassium salt of 
phytic acid. 

The percentage of the total phosphorus of the peanut meal found to be 
inorganic phosphorus over the entire pH range is also sho;vn in Fig. 1. 
From pH 0.4 to 1.7 (1.0 N to 0.05 n HCl) a constant value (9.7 per cent) 
was found for the inorganic phosphorus content of these extracts. At pH 
values above 1.7 there was a significant increase in the amount of inorganic 
phosphorus present in the extracts. This increase is undoubtedly due to 
the enzymatic activity of the phytase’ of the peanut meal, since the time 
elapsing between the preparation of the extract and analj'sis usually was 
4 hours. A maximum solubility value of 14.2 per cent inorganic phosphorus 
was obtained at pH values of 4.93, 5.32, and 5.52 (0.0075 N, 0.005 n, and 
0.004 N HCl, respectively), followed by decreasing solubility imtil a 
constant value of 7.9 per cent was obtained betw'een pH 8.91 and 10.61 
(0.006 N and 0.015 N NaOH, respectively). These results indicate that 
the pH of optimum activity for the peanut phytase is in the range pH 4.8 
to 6.0 at 25 °. In this connection, it should be pointed out that the min- 
imum solubility value for inorganic phosphorus in the pH range 8.91 to 

^ Germination of peanut and cottonseed at 30° between moist filter paper (in the 
dark) showed a rapid conversion of organic phosphorus to inorganic phosphorus. 
After 0, 24, 48, 72, and 96 hours germination, the seeds were dried at 105°, and the oil 
was e.xtracted with Skellysolve F. The percentage of the total phosphorus present 
as inorganic phosphorus after the times indicated was 12.2, 11.2, 15.7, 23.2, and 32.4, 
respectively, for the peanut, and 10.0, 11.2, 24.9, 35.4, and 44.4, respectively, for the 
cottonseed. 
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10.61 is 2 per cent lower than that in the pH range 0.4 to 1.7. Upon 
autolysis for 24 hours at 25°, meal extracts having pH values within the 
range 0.4 to 1.7 or 8.91 to 10.61 showed no appreciable increase in inorganic 
phosphorus. However, a very rapid increase did occur in the inorganic 
phosphorus content as the resvdt of autolysis of extracts having pH values 
within the range of optimum phytase activity (pH 4.8 to 6.0). 

The solubility of the nitrogen and phosphorus compounds in cottonseed 
meal e.xtracts, as a fimction of pH, is shown in Fig. 2. With cottonseed 
meal extracts, as with peanut meal extracts, the solubility of the phosphorus 
compounds does not correspond to that of the nitrogenous constituents. 
However, the solubility of total phosphorus obtained at various pH values 
for cottonseed meal differs from that obtained for peanut meal. TTith 
cottonseed meal a minimum total phosphorus solubility (17 per cent) is 
observed at approximately pH 2.75. Increasing amounts of phosphorus 
become soluble on either side of this pH value. Ma.ximum phosphorus 
solubility (85 per cent) occurs at pH 0.70 and 6.0. However, at neither of 
these pH values does the nitrogen solubility curve approach that for total 
phosphorus. The cottonseed phosphorus solubility curve does approach 
the nitrogen solubility curve between pH 2.75 and 1.5, and it may be as- 
sumed that the association between protein and phytic acid is greatest in 
this pH range. 

The percentage of the total meal phosphorus which is soluble between 
pH 7.0 and 11.0 is much less for cottonseed than for peanut. This behavior 
may be explained on the assumption that the ratio of magnesium and 
calcium to potassiiun in the cottonseed exceeds that in the peanut; hence, 
there is a greater probability that a more insoluble mixed salt of phytic 
acid will be formed in alkaline extracts of cottonseed meal. 

The results of analyses for inorganic phosphorus in cottonseed meal 
extracts covering the entire pH range are also shown in Fig. 2. A minimum 
value of 4.8 per cent-soluble inorganic phosphorus was found in the pH 
range 0.32 to 1.98 (1.0 n to 0.05 n HCl, respectively). A ma.ximum value 
of 7.9 per cent-soluble inorganic phosphorus was obtained at pH values of 
■l-0. 4.2, and 4.4 (0.02 N, 0.0175 n, and 0.015 n HCl, respectively), followed 
by decreasing solubility, imtil a value of 2.5 per cent was obtained between 
pH 8.65 and 11.08. Thus the optimum pH range for cottonseed phytase’ 
activity lies between pH 4.0 and 5.0 at 25°, as contrasted to a range of pH 
4.8 to 6.0 found for peanut phytase. 

The solubility of the nitrogen and phosphorus compounds in soy bean 
meal extracts, as a function of pH, is shown in Fig. 3. The nitrogen solu- 
bility curve for soy bean meal is quite similar to that shown for peanut 
meal (Fig. 1), except at the lower pH values where nitrogen solubility in 
the case of soy bean meal exceeds that for peanut meal. A minimum (15 
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Fio. 2. Tho percontago of tho total nitrogen and phosphorua of solvent-extracted 
cottonseed meal which is soluble in hydrochloric acid and sodium hydroxide solutions 
at different pH values. Tho inorganic phosphorus values are reported as percentage 
of tho total meal phosphorus. 
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Fiq. 3. The percentage of the total nitrogen and phosphorus of solvent-extracted 
soy bean meal which is soluble in hydrochloric acid and sodium hydroxide solutions 
at different pH values. The inorganic phosphorus values are reported as percentage 
of the total meal phosphorus. 
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per cent) in the total phosphorus solubility curve is obtained at pH 3.85 
and the maxima (around 87 per cent) at pH values of 0.28 and 6.4 to 6.6. 
Of particular interest is that part of the soy bean phosphorus solubility 
curve which lies above pH 7.0 where, in contrast to peanut and cottonseed, 
there is very little decrease in the solubility of phosphorus compounds. 
It is evident, then, that, although the soy bean and peanut meals used in 
these e-xperiments contain practically the same amount of phosphorus, an 
alkaline extract (above pH 8.0) of soy bean meal will contain almost twice 
as much soluble phytin phosphorus as will a similar e.xtract prepared from 
peanut meal. The practical importance of this fact will be discussed in a 
later section. 

The percentage of the total soy bean meal phosphorus, which was foimd 
to be inorganic phosphorus in extracts of different pH values, is also shown 
in Fig. 3. A minimum inorganic phosphorus solubility value of 4.6 per 
cent was found in the pH range 0.28 to 1.82 (1.0 x to 0.05 x HCl, respec- 
tively) and a maximum of 13.5 per cent in the pH range 4.7 to 4.98 (0.01 x 
to 0.0075 N HCl, respectively), followed by a decrease to a minimum value 
of 4.6 per cent in the pH range 9.5 to 10.7 (0.0075 X to 0.015 x NaOH, 
respectively). The minimum inorganic phosphorus solubility values in 
acid and alkaline solutions are the same in the case of the soy bean, whereas 
the minima differ slightly in the case of both the peanut and cottonseed 
(Figs. 1 and 2). 

Comparison of Solubility of Nitrogen and Phosphorus Compounds of 
Peanut and Cottonseed in Hydrochloric, Sulfuric, and Trichloroacetic Acids — 
The solubilities of the nitrogen and phosphorus compounds in peanut meal, 
as a function of pH and of the various acids used to adjust the pH, are 
shown in Fig. 4, and the corresponding results for cottonseed meal are 
shown in Fig. 5. A very sharp minimum in phosphorus solubility occurs 
at pH 3.5 in the case of peanut meal (Fig. 4) when hydrochloric acid is used 
as the extractant, whereas a rather broad minimum solubility range (pH 
2.0 to 4.0) results when sulfuric and trichloroacetic acids are used. These 
differences in the broadness of the minimum phosphorus solubility zone, 
when these three acids are used to extract peanut meal, can be attributed to 
the fact that sulfuric and trichloroacetic acids differ appreciably from hy- 
drochloric acid in their ability to peptize peanut meal proteins in the pH 
range 3.5 to 1.5. In the pH range 3.5 to 6.5 the amount of phosphorus 
which is soluble is independent of the particular acid employed in adjusting 
the pH of the peanut meal suspension. This behavior provides further 
evidence of the dissociation of protein-phytic acid complexes at pH values 
higher than 3.5, as has been brought out previously. 

The phosphorus solubility curves for cottonseed meal (Fig. 5) approx- 
imate each other over the entire pH range investigated, regardless of the 




Fig. 5. Tho perientage of the total nitrogen and phosphorus of solvent-extracted 
cottonseed meal, which is soluble in hydrochloric, sulfuric, and trichloroacetic aeid 
solutions at different pH values. HCl, O nitrogen, X phosphorus; HjSO*, ▲ nitro- 
gen, A phosphorus; CCljCOOH, • nitrogen, O phosphorus. 
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add used to adjust the pH, a finding which is in contrast to the phosphorus 
solubility behavior observed in the case of peanut meal with the same acids 
(Fig. 4). The small variation in phosphorus solubility, when these three 
adds are used to extract cottonseed meal, can be attributed to the fact that 
these adds differ less in their ability to peptize cottonseed meal proteins 
than in their ability to peptize peanut meal proteins in the pH range, 3.0 
to 1.5. The infiuence of the solubility of nitrogenous constituents on the 
solubility of phosphorus compounds in seed meals is again apparent and 
points again to the existence of protein-phytic add complexes in add 
solutions. 

The inorganic phosphorus content of the sulfuric and trichloroacetic 
acid extracts was, for all practical purposes, identical with that obtained 
by the use of hydrochloric acid, as is shown in Figs. 1 and 2 for peanut and 
cottonseed meals, respectively. 

Infiuence of Phytic Acid on Solubility of Peanut and Cottonseed Meal 
Proteins in Acid Solutions — That phytic acid forms a complex with the 
proteins of peanut and cottonseed meal on the acid side of the isoelectric 
range has been demonstrated in the foregoing sections of this paper. It 
has been shown (16), also, that the removal of dialyzable meal constituents 
increases the solubility of the meal proteins in acids at pH values below their 
isoelectric range. Since the dialyzable meal constituents were found to 
contain a large percentage of the meal phosphorus, it was deemed probable 
that the removal of phytic acid through dialysis might be responsible for 
the increased solubility of the nitrogenous constituents of the dialyzed 
meal. Accordingly, experiments were designed to verify this assumption. 

2.5 gm. samples of peanut and cottonseed meals were dialyzed against 
ru nnin g distilled water at 4° for 48 hours. Dialysis resulted in the re- 
moval of 23 per cent of the meal solids, including 5 per cent of the nitrogen, 
71 per cent of the ash, and 91 per cent of the phosphorus, from peanut meal 
and in the removal of 33 per cent of the cottonseed meal solids, including 
7 per cent of the nitrogen, 65 per cent of the ash, and 67 per cent of the 
phosphorus. The dialyzed meal suspensions obtained in this manner were 
used to determine the effect of the addition of phytic acid on the solubility 
of the meal proteins. The nitrogen solubility of the dialyzed samples was 
determined under the following conditions, (o) The pH of individually 
dialyzed samples was adjusted with hydrochloric acid; (6) the pH was ad- 
justed with hydrochloric acid, and 135 mg. and 260 mg. of sodium phytate* 
ivere added to the dialyzed peanut and dialyzed cottonseed meal suspen- 
sions, respectively; (c) the pH was adjusted with hj'drochloric acid, and 110 
mg. and 200 mg. of phytic acid‘ were added to the dialyzed peanut and 

* The samples of sodium phytate aud phytic acid were obtained through the cour- 
tesy of the Corn Products Hehning Company, Argo, Illinois. Analysis by the authors 
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dialyzed cottonseed meal suspensions, respectively. The final volumes 
were brouglit to 100 ml. with distilled water. The results of analyses for 
soluble nitrogen are shown for peanut meal in Fig. 0 and for cottonseed 
meal in Fig. 7. 

In Fig. 6 the difference between the nitrogen solubility curves for un- 
dialyzed and dialyzed peanut meals is apparent. The protein in the 
dialyzed meal is much more soluble between pH 4.0 and 1.5 than is that in 
the undialyzed meal, as is illustrated at pH 3.5 where the nitrogen solu- 
bility values are 75 and 15 per cent, respectively. Upon the addition of 
either sodium phytato or phytic acid in the concentrations previously 
specified, the nitrogen solubility values for the dialyzed meal in the pH 
range 4.0 to 1.5 arc reduced to values even lower than were found for the 
undialyzed meal, indicating the formation of insoluble protein-phytic acid 
comple.Kes. These lower nitrogen solubility values are due to the fact that, 
when sodiiun phytatc or phytic acid was added to the dialyzed meal sus- 
pensions, the quantities added were equivalent to slightly more than the 
amount of phytic acid phosphorus lost on dialysis of the meal. To illus- 
trate more clearly the formation of insoluble protein-phytic acid complexes, 
500 mg. of sodium phytate were added to a dialyzed meal suspension at 
pH 1.4. Under these conditions 20 per cent of the total nitrogen was' 
soluble, as compared to 80 per cent when only 135 mg. of sodium phytate 
were used. 

Similar results were obtained when dialyzed cottonseed meal (Fig. 7) was 
subjected to the procedure described above for peanut meal. The addition 
of the specified amount of phytic acid did not produce as great a decrease in 
nitrogen solubility as did the sodium phytate, but this can probably be 
attributed to the impurity of the phytic acid. This is borne out by the 
fact that, when only 80 mg. of sodium phytate were added to the dialyzed 
meal suspension at pH 1.4, 50.5 per cent of the total nitrogen was soluble, 
whereas, when 260 mg. were added, only 29.3 per cent of the nitrogen was 
soluble at the same pH. 

The results for both peanut and cottonseed meals show that the phytin 
present in these seed meals reduces the solubility of the meal proteins at 
pH values below the isoelectric points of the proteins. However, phytin 
does not appear to influence the solubility of peanut and cottonseed meal 
proteins at alkaline pH values, as is evidenced by the close similarity of the 
nitrogen peptization curves for the dialyzed and undialyzed meals in the 
alkaline range (16). 

Comparison of Nitrogen and Phosphorus Solubility Curves for Isolated 

revealed that less than 1 per cent of the total phosphorus was inorganic in the sodium 
phytate sample, and that the crude phytic acid sample contained 22 per cent total 
phosphorus, of which approximately one-fifth was inorganic phosphorus. 
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Fig. 6. The percentage of the total nitrogen of undialyzed (O) and dialyzed (X) 
peanut meal and of dialyzed peanut meal to which has been added either phytic acid 
(A) or sodium phytate (• ), which is soluble in hydrocbloric acid solutions at different 
pH values. 



Fig. 7. The percentage of the total nitrogen of undialyzed (O) and dialyzed (X) 
cottonseed meal and of dialy'zed cottonseed meal to which has been added either 
phytic acid (A) or sodium phytate (•), which is soluble in hydrochloric acid solu- 
tions at different pH values. 
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Peanut and Cottonseed Protein and Their Significance in Protein Isolation— 
Nitrogen and phosphorus solubility curves for peanut and cottonseed pro- 
teins containing 0.015 and i.lG-1 per cent total phosphorus, respectively, 
over a wide pH range (HCl and NaOH being used to adjust the pH) are 
shown in Figs. 8 and 9, respectively. The phosphorus solubility curves for 
the isolated proteins differ from the corresponding solubility curves for the 
meals in exhibiting (a) a broader minimum pH range of phosphorus solubil- 
ity, (6) no decrease in the amount of soluble phosphorus at pH values above 
6.0, and (c) a significantly lower phosphorus solubility in the pH range just 



Fia. 8. The percentage of the total nitrogen and phosphorus of isolated peanut 
protein, which is soluble in hydrochloric acid and sodium hydro.vide solutions at 
dififerent pH values. 

below the isoelectric zone of the proteins. There are, however, similarities 
in the phosphorus solubility curves for the isolated proteins and the cor- 
responding meals; namely, (a) the phytic acid ion is displaced from the 
protein at very low pH values, and (6) on the alkaline side of the isoelectric 
zone of the proteins, the protein-phytic acid complexes are increasingly 
dissociated. 

In order to interpret the differences and similarities that exist between the 
solubility curves for the isolated proteins (Figs. 8 and 9) and for the cor- 
responding meals (Figs. 1 to 7), it is necessary to reconsider at this point 
some of the solubility data obtained on peanut and cottonseed meals. 
The progressive decrease in phosphorus solubility between pH 6.5 and 3.5 
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for peanut meal (Fig. 1), and between pH 6.0 and 2.75 for cottonseed meal 
(Fig. 2) , may be attributed to the increased reactivity of the protein due to 
an increase in the positive charge on the protein molecules. Thus at 
pH 3.5 the proteins, representing appro.vimately 50 per cent by weight 
of peanut meal, react with 85 per cent of the total meal phosphorus, 
amounting to a ratio of appro.vimately 0.85 gm. of protein to 13.0 mg. 
of phosphorus. In other words, 1 gm. of the protein in peanut meal is 
capable of reacting at pH 3.5 with at least 15.3 mg. of phosphorus in the 
form of phytic acid. If a protein preparation could be isolated under 



Fio. 9. The percentage of the total nitrogen and phoaphonis of Isolated cottonseed 
protein, which ia eoluble in hydrochloric acid and sodium hydroxide solutions at 
different pH valuea. 

these conditions, it would contain phytic acid as an impurity to the extent 
of approximately 5.5 per cent of the weight of the protein. The closest 
experimental approach to the isolation of such a phytic acid-protein 
complex can be made by extracting the meal nitrogen at either pH 1.5 
or 6.75, the two points where approximately maximum nitrogen and phos- 
phorus solubility occur simultaneously, and by then precipitating the 
proteins at approximately pH 4.0 (Fig. 1). 

Since cottonseed meal contains approximately twice as much phosphorus 
as peanut meal, it is possible for the cottonseed meal protems to react with 
twice as much phytic acid as do the peanut meal proteins. Thus at pH 
2.75 (Fig. 2) the proteins of cottonseed meal react with 82 per cent of the 
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total phosphorus, amounting to a ratio of approximately 0.82 gm. of pro- 
tein to 25.2 mg. of phosphorus. 1 gm. of protein in cottonseed meal 
would, therefore, be capable of reacting at pH 2.75 mth at least 30.8 mg. of 
phytic acid phosphorus. Such a protein preparation would contain ap- 
proximately 11.0 per cent phytic acid as an impurity. The nitrogen and 
phosphorus solubility curves (Fig. 2) show, however, that the isolation of 
a major cottonseed protein fraction having such a high phytic acid content 
would be impossible if either hydrochloric acid or sodium hydro.xide were 
used to extract the proteins from the meal. Nevertheless, it should be 
possible to obtain a protein fraction having a high phytic acid content by 
extracting cottonseed meal with a sodium chloride solution (0.5 n) at pH 

6.0 (24) and by precipitating the protein at pH 2.75. 

With these facts in mind it is possible to arrive at a clear interpretation 
of the solubility curves presented in Figs. 8 and 9 and to evaluate the signif- 
icance of these results in protein preparation operations. The peanut and 
cottonseed protein preparations used in the experiments reported above can 
be used to illustrate some interesting points concerning the protein-phytic 
acid relationship in the peanut and cottonseed. It will be recalled that, in 
the preparation of the peanut protein, peanut meal was extracted at pH 

8.0 and that under these conditions 96 per cent of the total meal nitrogen 
and 52 per cent of the total phosphorus were extracted (Fig. 1). Upon 
precipitation of the proteins at pH 4.5, approximately 90 per cent 
(Fig. 1) of the total meal nitrogen was precipitated. The percentage 
phosphorus in the isolated protein (after 3 days dialysis) was 0.645 per 
cent. The protein isolated under these conditions contained, therefore, 
6.45 mg. of phosphorus per gm. of protein. Thus it is apparent that the 
protein reacted almost completely with the phytin which was present in the 
pH 8.0 meal extract, since only about 45 per cent of the total phytic acid 
phosphorus (equivalent to 3.43 mg. per gm. of meal) was extracted under 
these conditions. From a consideration of these data and the fact that 
phytic acid has been shown to diminish nitrogen solubility, it would be 
expected that the nitrogen solubility curve for isolated peanut protein 
should lie between the curves for the dialyzed meal (appro.ximately 2 mg. 
of phosphorus per gm. of protein) and the undialyzed meal (appro.ximately 
15 mg. of phosphorus per gm. of protein), inasmuch as there is present in the 
isolated peanut protein sufficient phytic acid (approximately 6 mg. of 
phosphorus per gra. of protein) to reduce its solubility. This line of reason- 
ing is partially substantiated by the nitrogen solubility behavior of isolated 
cottonseed protein. In this case, isolated cottonseed protein (appro.x- 
imately 11 mg. of phosphorus per gm. of protein) contains nearly the same 
ratio of phytic acid phosphorus to protein as does the dialyzed meal (ap- 
pro.ximately 10 mg. of phosphorus per gm. of protein) and, as would be 
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expected, the nitrogen solubility cur\-e3 for the isolated protein and dialyzed 
meal are practically superimposable. 

DISCUSSION 

Theorelical and Praclical Significance of Protein-Phytic 
Acid Rdaiionship 

The results reported in this paper on the solubility of the phosphorus and 
nitrogen compounds of peanut, cottonseed, and soy bean meals and the 
results of other investigators on oat flour (25), horse-bean meal (26), hemp 
meal (27), and wheat flour (28) suggest some interesting posabilities in 
protein chemistry which are of equal theoretical and practical importance. 
A consideration of these data reveals a possible reason for the dLBBculty 
encountered in the purification of some of the seed proteins and in obtaining 
protan preparations having reproducible physical and chemical character- 
istica. 

In connection with a recent publication dealing with the color of peanut 
and cottonseed proteins (29), it was necessary to isolate a large number of 
protein preparations by different procedures. These and several additional 
preparations have since been analyzed for moisture, nitrogen, ash, and phos- 
phorus, and representative results are given in Table I. The following 
conclusions may be drawn from these data: (a) For a given meal extract, 
the amount of phosphorus that will precipitate with the protein is dependent 
upon the pH of precipitation; (6) the phosphorus content of most of the 
protein preparations is not decreased appreciably by washing the moist 
protein cake with water or organic solvents; (c) the phosphorus content 
of an isolated protein preparation is practically independent of its ash 
content; (d) dialysis of aqueous suspensions of these protein preparations 
does not result in the removal of the phosphorus, although it has been shown 
earlier in this paper that, if dialysis of the meals is carried out at the proper 
pH values, appreciable amounts of the phosphorus can be removed. 

It is apparent, therefore, that phytic acid is likely to be a major impurity 
in seed protein preparations. Jones and Csonka (30) isolated two protein 
fractions having high ash contents from a clear, filtered sodium chloride 
extract of cottonseed meal. The first protein fraction flocculated from the 
sodium chloride e-xtract at 62“, and after its removal the second fraction 
was obtained by heating the solution at 85°. Since the nitrogen content 
of these two fractions was extremely low (appro.ximately 2 per cent cal- 
culated on a moisture-free but ash-included basis), while the ash content 
(approximately 68 per cent on a dry basis) approached closely to that of 
phytin, it appears that the heating of the sodium chloride extract resulted 
in the flocculation of phytin with the occlusion of a gmall amount of protein. 
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Similar “impure phytin preparations” have been obtained from both 
peanut and cottonseed meals in the course of the present investigations. 


Tadlb I 

Nitrogen, Phosphorus, and Ash Contents of Various Peanut and Cottonseed Protein 

Preparations 


Source and method of preparation* 

Protein 1 
No. 

Method of drying 

Mois- 

ture 

Ash 

1 Nitro- 
gen 

Phos- 

phorus 




percent 

per cent 


per cent 

Red skinapeanuts; protein ex- 


Alcohol-ether 

10.2 

0.2 


0.21 

tracted, pH 7.0, pptd. at pH 
6.0; washed 3 times with water 


Air 

10.5 

0.2 

BS 

0.24 

Protein in supernatant from 


Alcohol-ether 

9.6 

0.2 

14.8 

0.54 

Nos. 1 and 2 pptd., pH 4.5; 
washed 3 times with water 

4 

1 

Air 

9.8 

0.1 

14.4 

0.72 

Portion pH 7.0 extract used for 

5 

Alcohol-ether 

9.4 

0.2 

15.0 

0.52 

Nos. 1 and 2 adjusted to pH 
4.5; washed 3 times with water 

6 

Air 

9.3 

0.3 

14.9 

0.70 

Red skin peanuts; protein ex- 

7 

Air 

9.5 

1.45 

15.0 

0.30 

tracted, pH 8.2, pptd., pH 5.5; 

8 

Dioxane 

9.7 

mwn 

14.8 

0.30 

not water-washed 

9 

Acetone 

8.8 


15.3 

0.35 


10 

MeEt ketone 

9.7 


15.3 

0.33 

Red akin peanuts; protein ex- 

11 

Air 

9.3 

1.33 

14.2 

0.85 

tracted, pH 8.2, pptd., pH 4.5; 

12 

Dioxane 

9.0 

1.41 

15.1 


not water-washed 

13 

Acetone 

9.0 

1.50 

14.9 

0.78 


. 14 

MeEt ketone 

8.9 

1.48 

15.0 

0.79 

White skin peanuts; protein ex- 
tracted, pH 8.0, pptd., pH 4.5; 
dialyzed 72 hrs. 

15t 

Lyopbilized 

10.4 

0.31 

15.4 

0.645 

Petroleum ether-extracted cot- 

16 

Air 

9.3 

3.35 

13.0 

1.14 

tonseed; protein extracted, pH 

17 

Dioxane 

8.7 

2.15 

13.4 

1.16 

11.0, and pptd., pH 4.0; not 
water-washed 

18 

Acetone 

8.9 

2.43 

14.0 

1.28 

Ethyl ether-extracted cotton- 
seed; protein extracted, pH 
11.0, and pptd., pH 4.0; dia- 
lyzed 72 hrs. 

19t 

Lyophilized 

10.6 

0.22 

14.0 

1.164 


* A single batch of protein was prepared for each group, and the moist protein 
cake was divided into approximately equal parts. These were then dried as indi- 
cated. 

t These protein preparations were those used in the present solubility investiga- 
tion. 

■\^ckery (31) has reported considerable difficulty in obtaining clear soy 
bean meal extracts that contain most of the meal nitrogen. The phytate 
ion may be partly responsible for this behavior, since Vickery’s work was 
conducted at pH 7.1 to 7.5. Results obtained during experiments de- 
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signed to evaluate the color of various protein preparations (29) also 
suggest that the phytate ion may be responsible for the cloudiness of some 
protein solutions. It was found, in conducting color measurements, that 
practically all peanut protein preparations gave clear solutions upon 
moderate centrifugation at the high pH employed, whereas it was more 
difficult and often impossible to clarify solutions of soy bean and cottonseed 
protein preparations sufficiently to make spectrophotometric measurements 
possible. It was found that alkaline solutions of cottonseed protein 
preparations, after standing for some time, formed a flocculent precipitate 
which was high in phosphorus and probably consisted of phytin together 
with some adsorbed protein. Moreover, the ash content of the original 
protein preparation in such instances was relatively high. If, as these 
data seem to indicate, the phytate ion is responsible for the cloudiness of 
solutions of soy bean protein preparations, dialj'sis of a soy bean meal 
suspension against r unnin g distilled water at 4° should remove sufficient 
phytic acid and salts to make possible the subsequent preparation of a clear 
extract containing most of the protein nitrogen of the dialj’zed meal.' 

Since phytic acid can be considered to occur as an impurity in most seed 
protein preparations, it is reasonable to suppose that its presence would 
influence the crystallization and denatiuation behavior of these proteins 
and also influence the results of investigations that involve the measure- 
ment of the electrophoretic mobility, viscosity, or action of proteolytic 
enzymes on solutions of these proteins. 

It should not be overlooked that phytic acid is a source of biologically 
active inositol which may be of commercial value either as a vitamin or as a 
starting material for the synthesis of organic chemicals. The seed meals, 
and particularly cottonseed meals, contain appreciable quantities of phytin 
which can be recovered imder certain conditions as a by-product of protein 
isolation. Before the details of the protein-phytic acid solubility re- 
lationship were completed, it was thought that it might be possible to 
isolate phytin in good yields from the mother liquor remaining after the 
precipitation of the protein from seed meal e.xtracts. However, the results 
given in this paper demonstrate that the isolation of phytin by this pro- 
cedure is not economically or commercially feasible, inasmuch as the 
proteins, upon precipitation, combine with most of the phytic acid present 
in the e.xtract. On the other hand, if peanut, cottonseed, and soy' bean 
meals are leached with dilute acid at pH 5.5, 5.75, and 5.0 respectively, 
80, 85, and 55 per cent, respectively, of the total phosphorus can be re- 
moved from these meals without an appreciable removal of protein nitro- 
gen. The leachings could then be used for isolation of phytin, and the 
leached meals for protein isolation. As a matter of conjecture, protein 
preparations obtained from leached meals having low phytic acid content 
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might have sufficiently superior qualities for industrial utilization to justify 
this additional step in the isolation procedure. 

SUMMARY 

Solubility data are presented for the nitrogen- and phosphorus-containing 
constituents of peanut, cottonseed, and soy bean meals in various acid and 
sodium hydroxide solutions over a wide pH range. 

It has been established that the naturally occurring phytic acid in seed 
meals is responsible for the suppression of the solubility of the seed meal 
proteins at pH values below their isoelectric points. 

Phytic acid is a major impurity in isolated seed meal protein prepara- 
tions, the amount depending upon the methods of extraction and pre- 
cipitation and the degree of purification. 

Evidence is presented which suggests that the phytate ion may influence 
the degree of clarity of certain seed meal extracts. 

The approximate pH optima are given for the action of phytases in 
peanut, cottonseed, and soy bean meals. 
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DISTRIBUTION OF INTRAVENOUSLY INJECTED FRUCTOSE 
AND GLUCOSE BETWEEN BLOOD AND BRAIN* 

Br J. RAYMOiro KLEIN, ROTH HURWITZ. and NORMAN S. OLSEN 

(front the Departments of Psychiatry and Biological Chemistry, Unicersity of Illinois 
College of Medicine, Illinois Nenropsychiatric Institute, Chicago) 

(Received for publication, April 12, 1916) 

Fructose, injected intravenously, in contrast to glucose, does not main- 
tain the electrical activity of brain (2) or relieve symptoms of hypoglycemia 
(3) in eviscerated animals. However, the rate of respiration of brain slices 
in the presence of fructose does not differ significantly from the rate in the 
presence of glucose (4, a) and the oxidation of fructose by broken cell 
preparations of brain follows the same pattern as for glucose (6). .4. 
h 3 ^othesis which would explain these findings is that the rate of transfer 
of fructose from blood to brain in vko is not sufficient to provide a concen- 
tration of sugar that would meet the metabolic requirements of brain. 

In the present work the distribution of fructose and glucose between 
arterial blood plasma and cerebral hemispheres of cats was determined at 
various times after intravenous injection of these sugars. The data ob- 
tained support the hsrpothesis. 

ESPERIilUXTAL 

In some experiments the cerebral hemispheres of the cats were widely 
exposed and the dura reflected; in others only the skull was exposed. The 
experiments were carried out imder dial' (0.5 ml. per kilo, one-half intra- 
peritoneally, the rest intramuscularly) or sodium amytal (0.07 gm. per 
kilo subcutaneously) anesthesia. The distribution of sugar between blood 
and brain was found not to be an obvious function of the different opera- 
tions or anesthetics. 

About 1 hour after the operation an initial sample of blood from the 
femoral artery was collected in a mixtiue of fluoride and o.xalate or in 
heparin. The sugars, in a concentration of 0.5 gm. per mL,^were injected 
into the femoral vein at a rate of about 3 ml. per minute. .After injection 
of sugar, additional blood samples were collected from time to time. A. 
final sample of blood was collected at the time the brain was frozen by 
application of liquid air. The hemispheres were chiseled out and ground 

* A preliminary report has been presented (1). 

Aided by a grant from the Rockefeller Foundation. 

' 0.1 gm. of diallylbarbituric acid and 0.4 gm. each of urethane and monoethylurea 
per ml. The laboratory is indebted to Ciba Pharmaceutical Products, Inc., for a 
supply of this drug. 
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in a mortar while frozen. Aliquots of tissue were assayed for sugar and 
blood.^ All samples of blood, and plasma from the initial and final samples 
of blood, were assayed for sugar. Plasma from heparinized blood was 
prepared as quickly as possible. The sugar content of such plasma did 
not differ significantly from plasma prepared from blood collected in 
fluoride and oxalate. 

Protein-free filtrates of blood, plasma, and tissue were prepared with 
zinc hydroxide (7). Fructose was estimated colorimetrically (8). Glucose 
and total sugar, i.e. glucose plus fructose, were analyzed colorimetrically 
with a copper reagent (7). Since the degrees of reduction of the copper 
reagent by fructose and glucose were found to be practically identical, the 
difference between total sugar and fructose was considered a measure of 
glucose. The concentration of blood in brain was estimated by comparison 
of the concentration of hemoglobin in blood and brain (9). 

Blood, plasma, and brain from animals not given fructose were found 
to yield some color in the assay for fructose.’ In the case of brain this 
color was equivalent to 5 ± 1 mg. per 100 gm. The average value, 5 mg. 
per 100 gm., was applied as a correction in the assay of brain from animals 
given fructose. In the cases of blood and plasma the values obtained -with 
the preinjection samples were used as eorrections. These corrections did 
not exceed 5 mg. per 100 ml. 

Results 

The data are presented in Table I. 

When no sugar was injected (Experiments 1 to 6), the mean ratio of brain 
to plasma glucose and its standard deviation were 0.411 d= 0.029. Follow- 
ing injection of glucose (E.xperiments 7 to 13), the ratios of tissue to initial 
plasma glucose increased, the lowest ratio being 0.70, the highest 1.28. 
Comparison of these several ratios indicates that injection of glucose was 
followed by an increase in brain glucose. The increments in brain glucose 
were calculated as follows: The product of the mean ratio ^ven above and 
the preinjection levels of plasma glucose in a given case represents the initial 
level of tissue glucose. The difference between the observed level of tissue 
glucose and the calculated initial level is a measure of the increment that 
followed injection. The results of the calculations are given in Table I. 
It may be noted that the increases in plasma glucose folloiving injection of 
fructose were accompanied by increases in tissue glucose. 

Following injection of fructose (E.\periments 14 to 22), this sugar was 

* About 0.06 ml. of blood per gm. of brain was found in the e.xperiments in which 
the hemispheres were exposed and about 0.02 ml. per gm. in those in which only the 
skull was exposed. 

* In the preliminary report (1) this finding was not taken into account. 
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found in brain. The highest concentration of fructose (Experiment 22) was 
about two-thirds of the lowest concentration of glucose (Experiment 4) and 
about two-thirds of the smallest increment in tissue ^ucose (Experiment 7). 

Table I 

Distribution of Intravenously Infected Fructose and Glucose betuteen Plasma and 
Cerebral Hemispheres of Cats 


The concentrations of the sugars in tissue are given in terms of blood-free material. 
The increase in tissue glucose was caicutated as indicated in the text. 


Experi- 

ment 

No. 

Sugxr 

Dose 

HiaebcCsreen 
1st isiectlon 
of sujxr And 
colkcrion of 
fia-il blood 

And tl&sne 

Glucose 

Fructose 

PL-sma 

Tlsxne 

Prein- 

jection 

Fiail 



PIXEUA 

TIssus 



Mg 


at. per 

at. per 

at. p<r 

at. per 

at. per 

per 




am. 

iCOaJ. 

JCO al. 

ICC ta. 

ICC to. 

JCO al. 

ICC ta. 

1 





183 

72 




2 





253 

120 




3 





127 

51 




4 





100 

39 




5 





170 

72 




6 





110 

43 




7 

Glucose 

1 

5 

100 

527 

82 

41 



8 

« 

1 

7 

147 

577 

128 

68 



9 

U 

1 

26 

127 

472 

136 

84 



10 

ti 

2 

7 

87 

930 

104 

68 



11 

it 

2 

18 

256 

820 

178 

73 



12 

it 

2 

24 

127 

660 

162 

110 



13 

ti 

3* 

69 

212 

824 

223 

136 



14 

Fructose 

1 

8 

178 

213 

93 

20 

200 

3 

15 

it 

1 

10 

306 

380 

140 

14 

212 

6 

16 

ti 

1 


167 

220 

81 

12 

236 

3 

17 

ti 

1.5 

20 

119 

213 

64 

15 

310 

0 

18 

it 

2 

5 

298 

270 

131 

9 

980 

0 

19 

ti 

2 

11 

358 

345 

ISO 

33 

765 

0 

20 

ti 

2 

26 

288 

214 

123 

5 

596 

13 

21 

If 

2.9 

32 

245 

306 

132 

31 

324 

13 

22 

(1 

3* 

64 

247 

362 

132 

30 

275 

25 


* 2 gm. per kilo were pven initially. About 30 minutes later an additional I gm. 
per kilo was given. 


The highest level of fructose was reached in about 1 hour after injection of 
the sugar, while the smallest increment in glucose was attained in 5 minutes. 

The rate of oxidation of fructose by brain in vitro is certainly not greater 
than the rate of o:ddation of glucose (4, 5) and under certain conditions is 
less (10). It may be presmned, therefore, that the observed differences in 
the increments of glucose and fructose are attributable to differences in their 
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rates of transfer from blood to brain. Comparison of Experiment 13 with 
22 and of Experiment 7 with 14 indicates that the rate of transfer of glucose 
was 5 to 10 times greater than that of fructose. 

DISCUSSION 

The data of Kerr, Hampel, and Ghantus (11) indicate that severe symp- 
toms of hypoglycemia appeared in cats when the concentration of glucose 
in brain was 26 mg. per 100 gm. or less. In the present e.xperiments it was 
found that the highest level of brain fructose, 25 mg. per 100 gm., was ob- 
tained about 1 hour after injection of the sugar and that appreciable levels 
were obtained in some e.xperiments about ^ hour after injection. Such 
levels were attained only after injection of 2 or more gm. of sugar per kilo. 
It seems reasonably certain, therefore, that the rate of transfer of fructose 
from blood to brain is not sufficient to provide a concentration that might 
be expected to prevent or relieve the effects of hypoglycemia in eviscerated 
animals. 


SUMMARY 

The concentrations of fructose and glucose in blood plasma and brain, 
determined at intervals after intravenous injections of these sugars, are 
such as to indicate that the rate of transfer of fructose from blood to brain 
is considerably less than that of glucose. The concentrations of fructose 
found in brain were less than the concentrations of glucose required to 
maintain normal central nervous function. 
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Canada) 

(Received foe publication, April 2d, 1946) 

Previous methods of preparing glucose-6-phosphate for use in biological 
experimentation were based on the isolation of this ester from a crude 
mixture of hexose monophosphates, obtained by yeast fermentation. 
The isolation was achieved by fractional crystallization of the brucine salts 
(1) or by preferential hydrolysis of the fructose component which leaves 
a considerable portion of the aldose phosphate intact (2). It has also been 
prepared by allowing phosphoglucomutase to act on glucose-l-phosphate 
(3). A chemical synthesis of the Robison ester was reported by Levene 
and Raymond (4), who treated monoacetone glucose with phosphorus 
oxychloride in pyridine at low temperatures. The yield of barium salt was 
only fair and it was necessary to purify the product by several recrystal- 
lizations of the brucine salt before it e.xhibited the proper rotation. These 
workers also attempted to phosphorylate glucose-1, 2, 3, 1-tetraacetate but 
obtained an impure product in very poor yield. 

The necessity of obtaining quantities of pure glucose-h-phosphate for 
enzymatic investigations prompted an attempt to devise a practical 
synthesis of the compound. The steps involved are shown in the ac- 
companying diagram. Advantage was taken of the use of diphenyd- 
chlorophosphonate (5) as a phosphorylating agent. This substance reacts 
with only 1 mole of the substance to be phosphorylated, does not cause the 
formation of chlorohydrin compounds, as does POCL (6), and the sub- 
stituted diphenylphosphoric esters formed usually lend themselves to 
purification by recrj'stallization more readily than the products obtained 
when phosphorus o.xychloride is employed. The phenyl groups are re- 
moved readily by reductive cleavage with hydrogen in the presence of 
platinum oxide catalyst. 

The position of attachment of the phosphate group to the glucose mole- 
cule was insured by using as a starting material l,2,3,4-tetraacetyl-/3'i>- 
glucopyranose (7, 8), in which carbon atom 6 has the only free hydro.xyl 
group. The original procedure for the preparation of 1 , 2 , 3 , 4-tetraacetyl- 
^D-glucopyranose (7) has been improved by Reynolds and Evans (S), but 

* National Research Council Fellow in Chemistry. Present address, DeparUaeot 
of Biochemistry, University of Wisconsin. 
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(I) 


(II) 


H 

AcOC 

1 

HCOAo 

I 

AcOCH 

I 

HCOAc 

I 

HCO 

I 

CHjOH 
M.p. 128-129'’ 
lalS = +12.1“ 


(III) 


(C.HtO),POCl 
(92%) ' 



H 

AoOC 

1 

HCOAc 

I 

AcOCH 

I 

HCOAc 

I 

HCO 

I 

CH,OPO(OC,H,), 
M.p. 68“ 

[a]? = +16.6“ 


(IV) 


H 

AcOC 

I 

HCOAc 

AcOCH KOCH, ^ 

I (89% K + Ba salts) 

HCOAc 

1 

HCO 

I 

CHiOPO,H,(CH,OH) 


H 

HOC 

I 

HCOH 

I 

HOCH 

I 

HCOH 

1 

HCO 

I 

CHiOPOjK, 


M.p. 128“ 

la]^ = +17.4“ [a][,‘ = +21.2“ 


in an earlier study (9), in which this glucose tetraacetate was used in the 
synthesis of gentiobiose for biological experimentation, some difficulty was 
experienced in obtaining consistently good yields by their crystallization 
procedures. It has now been found that dibutyl ether is more reliable than 
either ethyl ether or petroleum ether for the crystallization of the tetraace- 
tate and yields a product of sufficient purity for phosphorylation without 
recrystallizing. 

After the reductive cleavage of the phenyl groups from the phosphory- 
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lated glucose tetraacetate, the acetyl groups were removed by catalytic 
saponification with potassium methylate in anhydrous methanol. The 
potassium salt of glucose-fi-phosphate was precipitated from the solution as 
the deacetylation proceeded; it was purified by washing several times with 
anhydrous methanol and dried in vacuo over P1O5. The acetyl groups 
could also be removed by acid in aqueous solution, or by the slow addition 
of the stoichiometric amount of sodium or potassium hydroxide solution to 
an alcoholic solution of the ester, and the product was then isolated as the 
bariinn salt. When the acetyl groups were removed with aqueous alkali, 
some discoloration occurred (removable with charcoal) and the final prod- 
uct contained appreciable quantities of fructose-6-phosphate, the presence 
of which was indicated by optical rotation, the quantitative Seliwanofi 
test, and enzymatically catalyzed equilibria. For biological purposes the 
potassium salt has the advantage that it is readily soluble in water and may 
be used directly without the inconvenience of removing the cation. 

The purity of the glucose-fi-phosphate was determined not only by 
analyses and optical rotation but also by giuinliialive enzymatic studies. 
Synthetic glucose-fi-phosphate was converted by phosphohaxoisomerase 
to the same equilibrium (32 per cent fructose-fi-phosphate to 6S per cent 
glucose-fi-phosphate) as was pure fructose-fi-phosphate, prepared according 
to Neuberg, Lustig, and Rothenberg (10). 

When calculated on the basis of the anion portion of the salts, the optical 
rotation of our potassium salt is almost exactly that of the calculated value 
(Wiui = [aJo X 1.18 (1)) for Robison's purest barium salt obtained from 
the several times recrystallized brucine salt of natural aldose mono- 
phosphate. 

The barium salt of fi-phosphogluconic acid has been prepared from 
synthetic glucose-fi-phosphate by the procedure of Robison and King (1). 

EXPERIMENTAL 

1 ,S ,3 ,4-Telraacetyl-^-i>-glucopyra7iose (/) — This starting material was 
prepared from fi-trityltetraacetyl-^-D-glucose, according to the procedure 
of Helferich and Klein (7), except that the crystallization was made from a 
concentrated chloroform solution (not sirup) by the slow addition of 
dibutyl ether. The first crop of crystalline tetraacetyl-iS-D-glucopyranose 
corresponded to a yield of 67 per cent and had a melting point of 124^-127°. 
This material was phosphorylated either directly or after recrystallizing 
from chloroform by the addition of dibutyl ether which gave the pure 
substance, m.p. 128-129°. 

1 ,S,S,4-Tetraaceiyl-6-diphenylphosphono-3-^lwMpyTanosa (//) — To a 
cooled solution of 7.1 gm. of l,2,3,4-tetra3cetyI-/S-D-glucopyranose in 20 
cc. of anhydrous pyridine, 6.0 gm. of diphenylchlorophosphonate (5) were 
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added dropwise wth continuous shaking and cooling in an ice bath. The 
reaction began at once and within a few minutes a copious crystalline 
precipitate of pyridine hydrochloride appeared. The mixture was kept in 
the ice bath for 15 minutes and then placed in a refrigerator at 10° over- 
night. A few drops of ice water were added to hydrolyze the excess of acid 
chloride and after one-half hour the product was separated by pouring 
slowly into 600 cc. of ice water under continuous stirring. When the pre- 
cipitate became granular, it was filtered off and again stirred up in fresh 
ice water. The product was filtered off, washed mth cold water, and 
dissolved in 100 cc. of chloroform. The chloroform solution was washed 
once with dilute HCl and two times with distilled water, was dried with 
anhydrous sodium sulfate, and evaporated under reduced pressure to a 
sirup. The product was crystallized by careful addition of petroleum ether 
(b.p. 60-80°), swirling, and allowing to stand for several hours; the process 
may be hastened by seeding or scratching. The product was filtered with 
suction, washed with petroleum ether, and dried. Yield, 10.9 gm. (92 
per cent of the theoretical) . It melted at G'lr-GG® and was of sufficient purity 
for subsequent use. The pure substance may be obtained by recrystal- 
lizing from isopropyl ether, or from acetone by the addition of water, m.p. 
68°. It is soluble in chloroform, acetone, benzene, and ethyl alcohol. 

[«]“ = +16.5° (c = 1.37 in anhydrous pyridine). 

C-OIhOi^P (5S0.5). Calculated. C 53.8, H 5.04, P 5.34 
Found. “ 53.8, “ 5.03, “ 5.24 
“ 63.8, “ 5.08, “ 5.32 

1 ,3 ,4-Tetraacelyl-^-i3-glucose-6-phosp}wric Acid {III ) — ^A solution of 

7.0 gm. of tetraacetyl-G-diphenylphosphono-jS-D-glucopyranose (II) in 
70 cc. of anhydrous methanol* was shaken in an atmosphere of pure dry 
hydrogen at a pressure slightly greater than 1 atmosphere with 0.7 gm. of 
platinum o.xide (Adams’ catalyst). When the reduction neared com- 
pletion, the free acid began to crystallize in fine needles. The absorption of 
hydrogen stopped abruptly when the theoretical quantity (8 moles) had 
been consumed; this required from 2.5 to 4.5 hours in several runs. After 
warming to dissolve the product, the catalyst was removed by filtering or 
centrifuging. An equal volume of petroleum ether was added in portions 
to the filtrate and crystallization allowed to proceed during slow cooling. 
The crystals were filtered with suction, washed with petroleum ether, and 
dried in vacuo at room temperature. Yield, 3.6 gm. (65 per cent of the 
theoretical). The product melted at 126-128°, and contained the theoret- 
ical quantity of organic phosphorus. When recrystallized from anhy- 
drous methanol by slow addition of petroleum ether, the substance melted 

‘ Prepared according to Lund and Bjerrum (11). 
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at 127-128°. A second crop of crystals of the orig inal purity may be ob- 
tained by evaporating the mother liquors to dryness under reduced pres- 
sure at a bath temperature of 25° and recrystaUizing the product from 
methanol-petroleum ether. The analyses indicated that the substance 
crystallized with 1 mole of methanol which could not be removed by heatiog 
in vacuo without causing further decomposition. It was demonstrated by 
electrometric titration that the methanol was not esteiified n-ith the phos- 
phoric acid residue. The presence and identity of the methanol were 
established by converting it to methyl iodide, which was trapped in dimeth- 
ylaualine (12). The trimethylphenylammonium iodide obtained (o) 
melted at 227°, that from ot-methyl glucoade (b) melted at 227°, that from 
pure methanol (c) melted at 230°, and mrctures of (a) and (c) melted at 
227°. Phillips (13) reported the melting point of trimethylphenylam- 
monium iodide to be 231.6°. 

= -M7.4° (c = 1 (of methyl alcoholate) in anhydrous pyridine); 
calculated for solvent-free compound [a]^ = -}-l8.7°. 

GiiHsiOiiP (428.3), Calculated. C 39.3, H 4.94, P 7.23 

C.*H.iO,^P + CH.OH (460.3). “ “ 39.1, “ 5.47, “ 6.73 

Found. “ 39.2, “ 5.63, “ 6.7 

Reduction in Anhydrous Ethanol — The reductive cleavage of 3.8 gm. 
of the diphenyl compound (II) was carried out in 25 cc. of anhydrous 
ethanol with 0.4 gm. of platinum oxide. The product, which crystallized 
from the solvent as the reduction proceeded, was so sparingly soluble in hot 
ethanol that additions of anhydrous acetone were required to separate it 
from the catalyst. Slow evaporation of the solvents under reduced pressure 
caused the product to crystallize. After filtering and drying in vacuo over 
CaClj and paraffin, the product weighed 2.42 gm. (78 per cent of the 
theoretical) and melted at 126-127°. It was recrystallized from anhydrous 
ethanol and dried as above for analysis. 

The solvent of crystallization was characterized by distillation (at the 
melting point of the compound) into a pyridine solution of 3,5-dinitro- 
benzoyl chloride, isolation, and recrystallization of the ester formed; m.p. 
93°, authentic ethyl 3,5-dinitrobenzoate melted at 93°, mixed m.p. 93°. 

[“1? = 4-16.9° (c = 1 (of ethyl alcoholate) in anhydrous pyridine); 
calculated for solvent-free compound [all? = -bl8.7°. 

CiJIaOiJ? + C-HsOH (474.4). Calculated. C 40.5, H 5.74, P 6.53 

Found. “ 40.6, “ 5.57, “ 6.44 
“ 40.6,“ 5.67 

Potassium Glucose-6-phosphale (JIO — ^To 3.3 gm. of tet.-aacetj-lglucose- 
6-phosphoric acid (III) (from methanol) partially dissolved in 75 cc, of cold 
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anhydrous methanol, a sufficient quantity of potassium methoxide in 
anhydrous methanoP to neutralize the free acid groups was added dropwise 
with shaking. Complete solution was attained after the first few drops 
were added. Cleavage of the acetyl groups was initiated by the addition of 
a catalytic excess of 1.5 milliequivalents of potassium methoxide. The 
potassium salt of glucose-G-phosphate began to separate at once. The 
cleavage was allowed to proceed at refrigeration temperature in a tightly 
stoppered flask overnight. The product was separated by centrifuging, 
was washed four times with anhydrous methanol, once with each of the 
following methanol-ether mixtures: 80:20, 50:50, 20:80, and twice wth 
anhydrous ethyl ether. After drying in vacuo at room temperature, the 
product weighed 1.65 gm. (68.5 per cent of theory). It was essential to 
use only anhydrous solvents and thoroughly dried equipment in order to 
obtain good yields. 

(alo “ -1-21.2“ (c =• 1.3 in water) 

CJHiiOiPK, (330.3). Calculated. C 21.4, H 3.29, P 9.21 
Found. “ 21.5, “ 3.26, “ 9.15 

From the combined mother liquor and methanol washings an additional 
■quantity of glucose-fi-phosphate was obtained as the barium salt. The 
slightly turbid alcohol solutions were treated tvith an excess of BaBr* 
in anhydrous methanol. "When the barium salt had settled, it was sep- 
arated by centrifuging, washed tvith absolute alcohol, and finally with 
ether. After purification, as described in the following section, the barium 
salt weighed 0.6 gm. (21 per cent of original theory); thus the combined 
yield of potassium and barium salts was 89.5 per cent of theoretical. To 
obtain all of the product as the barium salt, BaBr- solution was added 
after the deacetylation by potassimn metho.xide was completed, and the 
barium salts were again purified, as described in the following section. 

Deacetylaiion with Acid — 0.5 gm. of tetraacetylglucose-G-phosphoric 
acid (III) was dissolved in 35 cc. of 0.66 n HBr and the solution was heated 
on the steam bath for 3 hours. After cooling, pulverized barium hydroxide 
was added to neutrality. The solution was filtered and 4 volumes of 
ethanol were added. "When the precipitate had settled, the supernatant 
liquor was decanted. The precipitate was washed in succession with 90 
per cent ethanol, absolute ethanol, 75 per cent ethanol-25 per cent ether, 
25 per cent ethanol-75 per cent ether, and finally with dry ether. After 
dr3ang in air, the barium glucose-6-phosphate was dissolved by extracting 
successively with 20, 10, and 5 cc. portions of distilled water. To the clear 
filtrate 4 volumes of ethanol were added and the product was separated 

* Prepared by the cautious addition of clean potassium metal to anhydrous 
methanol. Solutions of 1 to 2 n were used. 
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and dried as above. The barium salt (0.33 grn.) was free of inorganic 
phosphate and on the basis of its organic phosphorus content was 93 per 
cent pure (yield = 72 per cent of theory). Its rotation (purity based on 
phosphorus analyris) was [a]|* = +17.9°. 

Biological Aciimty — ^The following data indicate that the synthetic 
glucose-6-phosphate is quantitatively biologically active. A partially 
purified preparation of phosphohexoisomerase (free of phosphoglucomutase 
activity) from rat muscle converted 32 per cent of the synthetic ester to 
fructose-fi-phosphate at equilibrium at 25°. Under the same conditions, 
pure fructose-6-phosphate, prepared according to Neuberg, Lustig, and 
Rothenberg (10), was converted to an equilibrium of 68.4 per cent 
glucose-6-pho3phate to 31.6 per cent fructose-B-phosphate. Fructose phos- 
phate was determined in these e.xperiments by a quantitative Seliwanoff 
test (2). 

smniART 

A new procedure is described for the synthesis of glucose-6-pho3phate. 
l>2,3,+Tetraacetyl-(9-D-glucopyranose has been phosphorylated with di- 
phenylchlorophosphonate in pyridine. Subsequent removal of the phenyl 
groups by means of hydrogen and platinum o.xide, followed by saponifica- 
tion of the acetyl groups, gave pure glucose-S-phosphate in good yield. 
The ester was isolated as a crystalline dipotassium salt which is readily 
soluble in water and can be used directly for enzymatic e.xperimentation. 
The barium salt may be prepared by an alternative procedure. 

The synthetic ester is a convenient source of 6-phosphogluconio acid. 
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Recent studies have indicated that peroxidase might function in the 
biological synthesis of thyroxine by the thyroid gland. Johnson and 
Tewkesbury (1) believed that thjrroxine might be formed by the oxida- 
tive coupling of 2 molecules of diiodotyrosine. Westerfeld and Lowe (2) 
studied the oxidative condensation of p-cresol by hydrogen peroxide and 
peroxidase and suggested that peroxidase might be involved in the biologi- 
cal synthe^ of thyroxine by a similar mechanism. Keston (3) intimated 
that hydrogen peroxide may be produced in living cells by the flavoprotein 
systems and that the hydrogen peroxide and pero.xidase accelerated the 
lodination of protein in vitro. The observation that thiourea inhibited the 
staining of thyroid tissue by the peroxidase reagent, benzidine-hydrogen 
pero.-dde, led Dempsey (4) to propose that the antipero.xidase activity of 
thiourea might account for its goitrogenic activity. Clock (5) further ob- 
served that thiourea and thiouradl inhibited the action of pero.xidase and 
hydrogen peroxide on pyrogallol; however, she found only insignificant 
amounts of true peroxidase in thyroid gland and considered, therefore, that 
the goitrogenic activity of thiourea was not due to its antipero.xidase ac- 
tivity, Franklin et al. (6, 7) demonstrated that o.xidative mechanisms were 
necessary for the incorporation of iodide into thyro.xine by the thyroid 
gland. This iodination was prevented by thiouradl as well as by oxidative 
inhibitors. Thiourea has the properties of an antioxidant in theprevention 
of the discoloration of fruit (8) and in the prevention of pero.xide formation 
in fats (9). 

The above observations suggested that the antioxidant properties of the 
thiol compounds might be related to their antithyroid activities. It was 
considered further that the anti peroxidase activities of the thiol compounds 
might be a measure of their antioxidant properties. -Accordingly, a number 
of thiol compounds were tested for their antipero.xidase activities. 

Antiperoxidase Activities — lipmann’s method (10) was used for measur- 
mg the inhibitory effect of thiols on horseradish peroxidase. In this method 
the amount of red dye produced by the action of pero.xidase and hydrogen 

* An abstract of tbia investigation has been publisbed (Federation Pros., 5, SOI 
(1SM6)). 
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peroxide on p-aminobenzoic acid was measured colorimetrically. It was 
obsei-vcd that thiourea inhibited the peroxidase activity by 50 per cent at 
an average concentration of 0.00043 m; 2-thiouracil was twice as active and 
2,6-ditliioiu:acil was 4 times as active as thiourea. A series of thirty-five 
thiourea derivatives (11) had antiperoxidase activities varying from one- 
fifth to 6 times that of thiourea, o-phenetylthiourea having the greatest 
activity. Sulfanilamide and sulfathiazole were one-tenth as active as 
thiourea. Cysteine was equally active, while glutathione was 3 times as 
active as thiourea. These results apparently confirmed the antiperoxidase 
activities of thiourea and thiouracil, the sulfonamides, and cysteine and 
glutathione as observed by Clock (5), Lipmann (10), and Balls and Hale 
(12), respectively. However, further work has now shown that the appar- 
ent antiperoxidase activities of thiol compounds are due to their reducing 
action on the peroxidase system. 

Within the series of thirty-five thiourea derivatives there appeared to be 
a rough correlation of the antiperoxidase activity and the antithyroid po- 
tency as assayed by the increase in weight of rat thyroid glands (unpub- 
lished experiments). Dithiouracil was more potent than thiouracil and the 
latter more active than thiourea. The sulfonamides had low antiperoxidase 
activities and also low antithsToid potencies (13). However, a number of 
thiol derivatives had high antiperoxidase activities but no antithyroid 
activities; e.g., cysteine, glutathione, and sodium sulfide. 

Reducing Power of Thiol Compounds — ^Elliott (14) had observed that 
sulfhydryl compounds were capable of reducing the colored dyes formed by 
the action of peroxidase and hydrogen pero.xide on various substrates, such 
as benzidine, guaiacol, and p-phenylenediamine. It was considered, there- 
fore, that the apparent antiperoxidase activities of thiols might be due to 
their reducing action on the red dye (PABA red) formed by pero.’ddase and 
hydrogen peroxide from p-aminobenzoic acid. To test the reducing power 
of the thiols they were added in 0.001 m concentration at pH 7.0 to aliquots 
of PABA red and benzidine blue. The latter were made by reaction of 
hydrogen peroxide and pero.xidase with p-aminobenzoic acid and benzidine 
and removal of the excess hydrogen peroxide with catalase. Also, the re- 
ducing power of thiols was tested against 2,6-dichlorophenol indophenol by 
measuring the decoloration of the dye in evacuated Thunberg tubes. The 
thiols were added at 0.001 m concentration to the dye (0.025 per cent) at pH 
7.0. The reducing action of the various thiols on the dyes is recorded in 
Table I. 

I^It was observed that thiourea and o-phenetylthiourea did not reduce the 
red'dye, PABA red. However, the other thiols tested were able to reduce 
the PABA red dye. All of the thiols tested decolorized the benzidine blue. 
The fact that thiouracil has the power of decoloriang benadlne blue could 


L. O. R.4NDALL 


523 


parti^y explain the inhibition of the benzidine blue staining reaction of 
thpiid tissue by thiouracil, as observed by Dempsey (4). Consequently, 
thiouracil might not have any action on peroxidase at all but might show an 
apparent inhibition by reducing the colored compound formed by peroxidase 
and hydrogen peroxide. ' 

The observation that all of the thiol compounds reduced the dye, 2,6- 
dichlorophenol indophenol. at pH 7.0, indicated that they had reducing 
potentials more negative than -h0.217 volt (15). Balls and Hale (16) ob- 
served that most substrates of peroxidase and hydrogen peroxide were 
capable of reducing this dye. 

Mechanism of Action of Thiols with Peroxidase and Hydrogen Peroxide — 
Smce some thiols were found to have the power of decolorizing PABA red 
and benzidine blue, indicating that their apparent antiperoxidase activities 
might be due to their reducing powers rather than to a true inhibitory action 


Table I 

Reducing Action of Thiols on Dyes 


Coapooad 

add rtd 

Benadme bhie 

bricphrrcl 

Tliiourea 




o-Phenetylthiourea 


*r 

-h 

2-TIiiouiacil 



■T 

2,6-Ditliiouracil 


*r 

T 

+ 

GlutathTnn^i ^ 



Cysteine 

+ 

+ 

+ 

+ 


on peroxidase, it was deared to test the action of thiols on the peroxidase 
system by a method which did not depend on the formation of a colored 
complex. The method of Balls and Hale (12) was tried in which the rate 
0 dmppearance of hydrogen peroxide in the presence of peroxidase and a 
suitable substrate is measured. By this method the amount of hydrogen 
^roxide remaining after it had acted on a substrate for a given time was 
ennined by titrating the iodine liberated from potassium iodide with 
osulfate. It was found that this method could not be used for measuring 
.. ® thiols on pero.ddase, because the thiols reacted with the iodine 

, ^ted from potassium iodide by hydrogen peroxide. This fact explains 
e appraent antiperoxidase activities of cysteine and glutathione observed 

^ (18) observed that thiourea was 

iodine to formamidine disulfide hydriodide. 
f H’ ^ semiquantitative gasometric method for measuring the rate 
0 oisappearance of hydrogen peroxide was then tried. In thiq method, 
manganese dioxide was used to liberate oxygen from hydrogen peroxide and 
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the volume of gas was measured. It was found that thiol compounds react 
with the manganese dioxide; therefore, this method was not applicable. 

A manometric method was developed for determining pero.xidase activity 
by measuring the rate of disappearance of hydrogen peroxide in the presence 
of peroxidase and a suitable substrate. Catalase was used to liberate oxy- 
gen from the hydrogen peroxide remaining after a given time and the 
volume of o.\ygen was measured Avith the Warburg apparatus. The 
peroxidase, prepared from horseradish by Elliott’s method (14), had 0.55 
purpurogallin unit per ml. Catalase was prepared from beef liver by Sum- 
ner’s method (19). The reaction vessels contained in the reaction chamber 
1.0 ml. of peroxidase, 0.5 ml. of various concentrations of the substrate, 
p-aminobenzoic acid, and 0.5 ml. of 0.1 m phosphate buffer at pH 7.0; in one 
side arm was placed 1.0 ml. of 0.015 m hydrogen pero.xide and in the second 
side arm, 0.5 ml. of catalase. After equilibration at 38°, the hydrogen 
peroxide was added to start the reaction. After 5 minutes, catalase was 
added from the second side arm to stop the reaction and liberate oxygen 
from the hydrogen peroxide. The volume of oxygen was measured and the 
amount of hydrogen peroxide calculated as usual. The amount of hydro- 
gen peroxide initially present was determined mth a separate vessel in which 
the substrate was omitted. The rate of peroxidase activity was, therefore, 
measured by the rate of disappearance of hydrogen peroxide. The effects 
of thiols on peroxidase activity were studied by measuring the rate of dis- 
appearance of hydrogen peroxide in the presence and absence of the thiols. 

The principles of Lineweaver and Burk (20) were used to design an experi- 
ment to examine the nature of reaction between thiourea and the pero.xidase 
system. The rate of reaction of the pero.xidase system was determined with 
various concentrations of the substrate, p-aminobenzoic acid. The effect 
of thiourea at various concentrations was then determined at each substrate 
concentration. 

The reciprocals of the substrate concentrations and the reciprocals of the 
rates of utilization of hydrogen peroxide were plotted in Fig. 1. The best 
straight lines were calculated by the method of least squares. The devia- 
tions from linearity were not statistically significant. The linear relation- 
ship between the reciprocals of the substrate concentration and the rates of 
utilization of PABA demonstrated the applicability of the Lineweaver and 
Burk equation to the reaction between PABA and peroxidase and hydrogen 
peroxide. The effects of thiourea were surprising in that the slopes were 
decreased with increasing concentrations of thiourea, while the intercepts 
were increased. The dissociation constants consequently decreased with 
increasing thiourea concentration. 

This experiment was interpreted as indicating that there was no inhibi- 
tion of peroxidase by thiourea at all, but, on the contrary, an acceleration of 
the rate of utilization of hydrogen peroxide. It was evident, therefore, that 
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there was a competition between thiourea and PABA for the available 
peroxidase and hj-drogen peroxide. Thiourea was evidently a substrate 
for the pero-xidase sj’stem just as P^IBA was a substrate. 

ITie reaction between thiols and hydrogen peroxide in the presence and 
absence of pero.xidase was then measured manometrically. The reaction 
vessels contained the following reactants: 1.0 ml. of 0.0075 .m thiol, 0.5 ml. 
of 0.1 u phosphate buffer, pH 7.0, 1.0 ml. of water or peroxidase, 1.0 ml. of 
0.015 u hydrogen peroxide, and 0.5 ml. of catalase. .After equilibration at 
38 , the reaction was started by adding hydrogen peroxide from the side 



Fig. 1. Effect of thiourea on the rate of oxidation of p-aminobenzoio acid by 
ydrogen peroxide and peroxidase. The reciprocal substrate concentration is plotted 
against the reciprocal velocity. 


and stopped at intervals by adding catalase from the second side arm. 
The moles of hydrogen peroxide used pier mole of thiol present were calcu- 
lated. The data are illustrated in Fig. 2. 

The resxdts demonstrated that thiols reacted with hydrogen peroxide at 
measurable rates and that peroxidase accelerated the reaction. Therefore, 
the thiols are substrates for the peroxidase-hydrogen peroxide system. 

An indication of the extent of the reactions is obtained from the quantities 
of hydrogen peroxide which reacted with the thiols. 2 moles of thiourea 
could react with 1 mole of hydrogen peroxide to give a disulfide. The fact 
than 2 moles of hydrogen peroxide were reduced per mole of 
ol indicated that the thiols were oxidized beyond the disulfide stage. 
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DISCUSSION 

The antithyroid activities of some thiol compounds caimot be explained 
by their antiperoxidase activities, as Dempsey suggested (4), because of the 
following observations: thiol compounds do not inhibit peroxidase, but 
rather are reducing agents capable of reacting as substrates for the peroxide- 
peroxidase system, thus competing with other substrates for the available 
peroxide-peroxidase complex; they are able to reduce the colored dyes 
formed from p-aminobenzoic acid and benzidine and thus show an apparent 



Fig. 2. Reaetion of thiol compounds with hydrogen peroxide and peroxidase. The 
moles of hydrogen peroxide used per mole of thiol compound present initially were 
plotted against time in minutes. The curves illustrate the rate of disappearance of 
hydrogen peroxide in the presence of thiourea, thiourea plus peroxidase, 2, 6-dithio- 
uracil, and 2,6-dithiouracil plus peroxidase] 

inhibition of color production by the peroxidase system; they are able to 
reduce hydrogen peroxide and thus remove it as a reactant in the peroxidase 
system. 

If it could be demonstrated that hydrogen peroxide, ariang from oxidase 
systems in the Cell, is involved in thyroxine synthesis (2, 3), then an expla- 
nation of the antithyroid activities of thiol compovmds might be that they 
reduce the hydrogen peroxide as it is formed in the thyroid cell and thus 
remove it from the reacting system. The reducing power would then be 
an important chemical characteristic of antithyroid agents. 
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flUlUIARy 

Thiol compounds do not inhibit peroxidase but, on the contrary, are sub- 
strates for the peroxidase-hydrogen peroxide system. 

Thiol compounds are oxidized by hydrogen peroxide and the rate is 
accelerated by peroxidase. 

The author is indebted to Dr. E. J. de Beer and Dr. G. H. Hitchings for 
discusaons of this work. 
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THE DISSOCIATION CONSTANTS OF ORGANIC 
CALCIUM COMPLEXES 
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^ Cations of the alkali earth group have strong tendencies to form par- 
tially dissociated complexes in solution tvith the anions of carboxylic acids 
and other weak acids. The affinity of this association tends to increase 
with the number of carboxylic acid groups of the acid anion. In a con- 
siderable number of cases the effect has been studied quantitatively and 
^ire&ed in terms of well defined dissociation or association constants, 
^e interaction of calcium ions and strontium ions ivith citrate ions has 
been studied by means of the frog heart preparation, and the equilibrium 
express^ according to the mass action law (6). The equilibrium constants 
or the interaction of alkali earths and other bivalent cations with a number 
° ncids have been determined by the effects of the cations on 

e pH titration curves of the acids (2). This method has been applied 
aiM to the study of solutions contmning carbonates and phosphates (3, 9). 

Few of the results reported in the literature have been checked by inde- 
pendent methods of determimng the equilibria. For this reason, it is of 
interest to study the interaction of calcium, barium, and strontium ions 
with weak orgamc acids by means of electrodes of the third kind. In an 
fi^lier paper (7) the interactions of the alkali earth chlorides with glycine, 
nlanme, and egg albumin were studied by this method. In this paper, it is 
applied to carboxylic acids with one, two, or three carboxyl groups per 
molecule. 


Method 

The amalg^ electrode of the third kind, PbHglPbQjOi, CaCi 04 lCa-«-, 
as een previously described, as have the corresponding barium and stron- 
lum electrodes (7). Lead amalgam is in contact with a mixture of solid 
^ ox^te and alkali earth oxalate, the lead ion potential at the electrode 
eluding on the potential of the alkali earth ion in the solution. The 
echmque employed earlier in studying mixtures of amino acids and .alkali 
sart chlorides has been applied, with one important modification, to the 
orgamc acid solutions. While it is possible to study the effect in a cell 

Cn- expenEes of this investigation was borne by a grant from The Nutri- 

tion Research Laboratories. 
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■without liquid junction with silver-^ver chloride electrodes, it has proved 
rather more convenient to work -with the amalgam electrode as a half cell 
■with a saturated KCl liquid junction against a silver-silver chloride elec- 
trode in saturated KCl. Consequently, the results are expressed in terms 
of pCa, pBa, or pSr, rather than in terms of the activities of the correspond- 
ing chlorides. The observed electromotive force contains a liquid junction 
potential of the order of magnitude of that occurring in pH determinations 
with the hydrogen or glass electrode. Caiman and Kibrick (2) have found 
the liquid junction potential to be negligible m the potentiometric measure- 
ments in systems containing alkali earths and organic acids. 

On the assumption of constant liquid junction potentials, E, the differ- 
ence of potential of the two half cells is given by the relation 

pm 

E ^ E>- — lnAc» ( 1 ) 


where E’^ is the standard difference of potential between the half cells, 
ilea is the calcium ion activity, and R, T, and F have their usual significance. 
When pCa is defined as the negative logarithm of Aa, 


-|- 


2.ZQ3RT 

2F 


pCa 


( 2 > 


or at 25” 


JB » E» -1- 0.02957pCa 


(3) 


Corresponding equations hold for the barium and strontium electrodes. 


EXPERIMENTAL 


Reagents — 

Calcium chloride and barium chloride were recrystallized c.p. reagents. 
Strontium chloride was prepared from c.p. strontium bromide by precipita- 
tion of the carbonate. After thorough washing, the precipitate was dis- 
solved ■with a calculated quantity of standard 0.1 N HCl. 

Potassium citrate, sodium benzoate, sodium salicylate, and racemic po- 
tassium tartrate were recrystallized c.p. reagents. 

Sodium succinate, sodium lactate, and sodium acetate were prepared by 
neutralization of the c.p. acids with standard NaOH. 

Secondary potassium o-phthalate was prepared by neutralization of c.p. 
potassium acid phthalate ■with KOH. 

Effect of NaCl — ^Before determining the effects of the organic anions on 
pCa, determinations were carried out in mixtures of CaClj and NaCl at 
three different calcium concentrations in the physiological range and at 
NaCl concentrations up to 0.3 molal. In these systems the electrode 
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reached equilibrium in a period varying from 5 minutes to 1 hour, depending 
on the nature of the initial and final states. Attainment of equilibrium 
was rapid when the two solutions being compared were of similar composi- 
tion with respect to both components, and slow when there was considerable 
difference. .tVfter attainment there was no tendency for the b.m.f. to 
fluctuate by more than about ±0.3 millivolt over a period of several horns. 
The equiUhria obtained with any electrode were reversible. When the 


Table I 

pCa oj NaCl-CaClt Mixtures at SB° 


Cidi 

KiG aoliUty 

ft, totuc 


fCx 

mu 

1.25 

0.00 

0.00375 

0.0000 

3.01 


0.01 

0.01375 

0.0027 

3.10 


0.02 

0.02375 

0.0013 

3.17 


0.05 

0.05375 

O.OOSO 

3.28 


0.10 

0.10375 

0.0107 

3.37 


0.15 

0.15375 

0.0128 

3.44 


0.20 

0.20375 

0.0152 

3.52 


0.30 

0.30375 

0.0173 

3.61 

2.50 

0.00 

0.0075 

0.0000 

2.76 


0.01 

0.0175 

0.0024 

2.84 


0.02 

0.0275 

0.0037 

2.S9 


0.05 

0.0575 

0.0065 

2.98 


0.10 

0.1075 

0.0099 

3.10 

i 

1 

0.15 

0.1575 

0.0118 

3.16 

1 

0.20 

0.2075 

0.0140 

3.23 


0.30 

0.3075 

0.0155 

3.28 

3.75 

0.00 

0.01125 

0.0000 

2.61 


0.01 

0.02125 

0.0022 

2.68 


0.02 

0.03125 

0.0033 

2.72 


0.05 

0.06125 

0.0060 

2.82 


0.10 

0.11125 

0.0097 

2.94 


0.15 

0.16125 

0.0118 

3.01 


0.20 

0.21125 

0.0130 

3.05 


0.30 

0.31125 

0.0142 

3.09 


electrode was placed in any of the reference solutions, its potential returned 
to its reference value 'within the normal time interval. 

From the electromotive force values, pCa in the salt mixtures has been 
computed and the residts entered in Table I. The assignment of any pCa 
value in any series depends on a knowledge of the actmty coefficient of 
the calcium ion in one of the reference solutions. These values have been 
obtained in the follo'wing manner. At three different CaClj concentra- 
tions, 1.25, 2.50, and 3.75 millimolal, the experimental data have been 
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fitted by the formula 

pCa = -log [Ca++1 + 2^/1 — 1.40 m (4) 

where [Ca++] is the calcium ion molality and n is the ionic strength. This 
is a modification of the Debye-Hiickel equation in a form developed by 
Bronsted and LaMer (1). 

Equation 4 leads to the following values of pCa for the three reference 
solutions, 0.00125, 0.00250, and 0.00375 m CaClj: 3.01, 2.76, and 2.61, 
respectively. These are the standard values upon which the other values 
of each series are based. The value AE represents the increment of e.m.f, 

Ca** pCa. 

mM MS 2/W 2,9S 3X)0 3.05 3.10 

3.15 

3.20 

3.2S 

3.30 


NaCl - Moles per liter 

Fig. 1. The relation between pCa, calcium ion concentration, and NaCl concen- 
tration in NaCi-CaClj mixtures. 

produced by adding a given amount of NaCl to one of the reference solu- 
tions. At 25°, it is related to ApGa by the relation 

ApCa = 33.82a£ (5) 

The results are presented graphically in Fig. 1, which represents pCa as a 
function of CaCb and NaCl concentration. The function has been com- 
puted by the use of Equation 4. The results indicate that the effects are 
explicable on the basis of the interionic force theory. Similar results were 
obtained with various salt mixtures when cells without liquid junction were 
studied (7). 

Effects of Organic Acids — ^The method followed in the case of each organic 
acid was to vary the concentration of acid anions at constant total calcium 
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concentration and constant ionic strength. The ionic strength was main- 
tained at 0.15 by varying the amount of NaCl in the system. .\s a first 
approximation, it is assumed that variations of pCa at constant ionic 
strength are determined by variations of calcium ion concentration due to 
complex formation with the acid ion. The mechanisms postulated cor- 
respond to those assumed by Caiman and Ixibrick (2) and by Hastings, 
McLean, Eichelberger, Hall, and Da Costa (6). In most cases the ob- 
served effects are of a larger order of magnitude than the effects to be pre- 
dicted from the influence of the ionic atmosphere on the electrostatic part 
of the chemical potentials of ions at constant ionic strength. Undoubtedly, 
the electrostatic effects of specific ions become relatively more significant 
when the affinity of association of the complex ions is small. The validity 
of the treatment is greatest in those cases in which the affinity of complex 
formation is greatest. 

Citric Acid — ^Table II contains the results of determinations of pCa, pBa, 
and pSr in systems containing potassium citrate and the various alkali 
earth chlorides. The calcium ion concentration is calculated from the 
relation 


— alog (Ca'*"*') = apCa (6) 

where the increment ApCa denotes the change of pCa produced by a given 
amoimt of potassium citrate added to the citrate-free reference solution at 
constant total calcium concentration and ionic strength. From the value 
of [Ca++] so obtained the apparent equilibrium constant, K', for the com- 
plex formation is computed on the assumption that the inactivated calcium 
is combined reversibly and stoichiometrically with citrate to form the com- 
plex anion [CaCtHsO?]". Thus 

[Ca++1 + [C,H.O,l- = [CaCJIsO,r 

This is the mechanism shown to describe the equilibrium by Hastings 
et al. (6). By means of the experimental values of [Ca++], K' is computed 
from the equation 


Total Ca - ICa^l 

[Ca++)[total citrate minus total Ca -1- [Ca^ll 


(7) 


Smular mechanisms are postulated for the barium and strontium systems 
and identical methods of calculation are applied. 

Dicarhoxylic Acids — The results obtained with sodium succinate and 
racemic potasaiun tartrate are presented in Table HI. The ionic strength 
was m^tained at the constant value 0.15 by adjusting the NaCl concen- 
tration to compensate for the added salt. The equilibrium constant K' is 
obtained from the mass law expressions for the postulated equilibria 
lCa++] + [C,H.(COO),l- = [C3C,H4 (COO)i] 
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Table II 

Interaction of Alkali Earth Cations with Citrate Ions at f5® 


Ionic strength = O.IS. 


CaCli 

KiCcHtOj 

NaCI 

&B 

A^Ca 

ICa+q 

UgK' 

molt per 1. 

mole per L 

moU per t. 

toll 


mole per t. 


0.0025 

0.0000 


0.0000 

0.000 

0.00250 



0.0010 


0.0047 

0.169 

0.00173 

3.29 


0.0015 


0.0072 

0.244 

0.00143 

3.24 


0.0025 


0.0116 

0.392 

0.00101 

3.16 

0.0050 

0.0000 


0.0000 

0.000 

0.00500 



0.0005 


0.0011 


0.00459 

3.00 


0.0010 


0.0024 

HI 

0.00415 

3.13 


0.0025 


0.0070 

IH 

0.00290 

3.26 


0.0060 


0.0138 

ill 

0.00170 

3.10 

Mean 

3.17 


BaCli 





[Ba++1 


0.0025 

0.0000 


0.0000 

0.000 

0,00250 



0.0005 


0.0020 


0.00214 

3.08 


0.0010 

0.1365 

0.0038 

wgm 

0.00186 

2.98 



0.1335 

0.0062 

HI 

0.00154 

3.06 


0.0025 

0,1275 

0.0092 

WIM 

0.00122 

2.93 

0.0060 

0.0000 

0.1350 

0.0000 

0,000 

0.00500 



0.0025 

0.1200 

0.0060 

0.203 

0.00313 

2.98 


0.0050 

0.1050 

0.0117 

0.398 

0.00200 

2.88 

Mean 

2.98 


SrCIj 




A^Sr 

ISr++J 


0.0025 


0.1425 

0.0000 

HI 

0.00250 




0.1365 

■SSh 

HI 

0.00193 

2.84 


vSSB 


BRI 


0.00156 

3.02 





0.325 

0.00118 

2.98 

0.0060 

0.0000 


0.0000 

0.000 

0.00500 . 



0.0010 

0.1290 


0.068 

0.00428 

2.78 


0.0025 

■BB 


0.203 

0.00313 

2.98 


0.0050 

■Bl 


0.428 

0.00187 

2.95 

Mean 

2.92 


aud 

[Ca++] + [aH,(OH)i(COO),]- = [CaCjHj(OH),(COO),] 

These are the equilibria postulated by Cannan and Kibrick (2) for di- 
carboxylic acids. 
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Table III 


InUraclion of Alkali Earth Cationa with Succinate and Racemic Tartrate at 55* 
Ionic strength = 0.15. 


CiOi 

NijCtHtOt 

NiCl 




Loai:' 

wtsU 

ruU p<r L 

wuU per L 



miU p*T 1, 


0.0025 

0.0000 

0.1425 

0.0000 

0.000 

0.00250 



0.0050 

0.1275 

0.0011 

0.037 

0.00230 

1.25 


0.0100 

0.1125 

0.0024 

O.OSl 

0.00207 

1.34 

0.0050 

0.0000 

0.1350 

0.0000 

0.000 

0.00500 



0.0050 

: 0.1200 

0.0007 

0.024 

0.00473 

1.08 


0.0100 

0.1050 

0.0013 

0.044 

0.00452 

1.05 


' 0.0200 

! 0.0075 

1 

0.0026 

O.OSS 

0.00403 

1.07 

Mftftn , , 

1.16 (±0.12) 


Bid, 





IB»«] 


0.0050 

0.0000 

0.1350 

0.0000 i 

0.000 

0.0050 



0.0050 

0.1200 

0.0050 

0.017 

0.00481 

0.91 


0.0100 

0.1050 

0.0013 

0.044 

0.00452 

1.05 


0.0200 

0.0075 

0.0023 

0.068 

0.00428 

0.94 

Mean . . . 

0.97 (±0.06) 



EiCCAOi) 






0.0025 

0.0000 

0.1425 

0.0000 

0.000 

0.00250 



0.0040 

0.1305 

0.0038 

0.128 

0.001S6 

2.01 


0.0060 

0.1245 

0.0050 

0.169 

0.00170 

1.96 

0.0050 

0.0000 

0.1350 

0.0000 

0.000 

0.00500 



0.0040 

0.1230 

0.0030 

0.101 

0.00396 

1.95 


0.0060 

0.1170 

0.0040 

0.135 

0.00366 

1.90 

llfMn 

1.95 (±0.04) 


Sid, 




^pSr 

ISr*‘J 


0.0025 

0.0000 

0.1425 

0.0000 

0.000 

0.00250 



0.0040 

0.1305 

0.0035 j 

0.118 

0.00191 

1.96 

0.0050 

0.0060 

0.1245 

0.0046 

0.156 

0.00175 

1.91 

0.0000 

0.1350 

0.0000 

0.000 

0.00500 



0.0040 

0.1230 

0.0032 

0.108 

0.00390 

1.99 


0.0060 

0.1170 

0.0040 

0.135 

0.00366 

1.90 

Mean. 






' 1 at (^(\ 

•••| 



In the case of the calcium tartrate systems, irreversible potentials were 
encountered, the apparent effect of the tartrate on pCa being considerably 
greater than the effect estimated from Cannan and Babrick's results. The 
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anomalous results were judged to be caused by the formation of insoluble 
lead tartrate at the electrode.^ When the tartrate concentration was less 
than 0.01 molal, this difficulty was avoided with the strontium and barium 
electrodes because of the much lower lead ion concentrations at the elec- 
trode. This is a result of the greater solubilities of the strontium and 
barium oxalates compared TOth calcium o.xalate, the lead ion concentration 
varying inversely as the solubility of the alkali earth oxalate. 


Table IV 

Interaction of Sodium Acetate and Sodium Lactate with Calcium Ions at 35° 


Ionic strength = 0.15. 


CaCIj 

Na(C.HiOi) 

NaCl 

AE 

A^Ca 

lCa*+I 

LogX' 

mcle per /. 

rrwle per /. 

mole per L 

volt 


mole per /. 


0.0025 

0.0000 

0.1425 

0.0000 

0.000 

0.00250 


0.0025 

0.0100 


IjKjma 

0.010 

0.00244 

0.40 

0.0025 




mmm 

0.00233 

0.54 

0.0025 


0.1125 

0.0014 

0.054 

0.00211 

0.64 

Mean 

0.53 (±0.10) 



Na(CiH,0.) 

■1 






0.0000 


0.0000 

0.000 

0.00250 


0.0025 

0.0050 


0.0007 

0.024 

0.00237 

1.05 

0.0025 

0.0100 

0.1325 

0.0010 

0.034 

0.00231 

0.93 

0.0025 

0.0200 

0.1225 

0,0015 

0.051 

0,00222 

0.82 

0.0050 

0.0000 

0.1350 

0.0000 

0.000 

0.00500 


0.0050 

0.0100 

mSSSm 

0.0006 

0.020 

0.00478 

0.68 

0.0050 

0.0200 

m 

0,0010 

0.034 

0.00462 

0.62 

Mean 

0.82 (±0.16) 



Monocarboxylic Adds — ^The interaction of sodium acetate and sodium 
lactate wth calcium ions was studied at an ionic strength of 0.15. The 
results are given in Table IV. The apparent constants K' are calculated 
for the reversible equilibria 

[CH,COO-] + (Ca++] = (CH,COOCa]+ 

> The formation of soluble partially dissociated organic lead complexes theoreti- 
cally leads to no serious error unless the dissociation constant is of a much lower 
order of magnitude than that of the calcium complex. The lead ion concentration is 
still determined by calcium ions and the solubility products of the oxalates. How- 
ever, a very small percentage of the combined anions should be regarded as boimd 
to lead rather than to calcium, the ratio of lead ions to calcium ions being of the 
order of 1:100. 
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and 

[CH.CHOHCOO-] + [Ca++1 = [CH,CHOHCOOCa]+ 

These are the complexes assumed by Cannan and Kibrick (2). 

Aromatic Carboxylic Acids — Three aromatic carboxylic acids were studied 
with calcium chloride and barium chloride respectively. Sodium benzoate 
and sodium sahcylate showed very small effects with both calcium and 
bariiun, leading to values of log K' that were negative in all systems except 
calcium salicylate, in which it had a very small poritive value. The values 
of K' were calculated for the assumed equilibria 


and 


[CtH,COO-] + [Ca++1 = [C.HiCOOCal+ 
[C^B.OHCOO-l + [Ca++1 = (CJl 40 HC 00 Ca]+ 


The values of K' were of practically the same magnitude for the salicylates 
and benzoates. Potassium o-phthalate was also studied. The apparent 
equilibrium constant K' was calculated for the association 


[CtHiCCOO),!- + [Ca++) = [C,H4(COO),Ca] 

For the dicarboxylic aromatic acid log K' had a positive value only 
slightly less than that of the corresponding succinate complexes. The 
results for all three aromatic acids are included in Table V. 

Bicarbonate Systems — ^An attempt was made to determine the interaction 
of calcium and barium ions with bicarbonate ions in the physiological range 
of concentrations (0.0025 m CaClj, 0.025 m NaHCOj, NaCl to ionic strength 
0.15). In all such attempts irreversible potentials were encountered which 
seemed to be of far too high an order of magnitude to represent the effect 
on pCa or pBa. The effect on the electrode potential was approximately 
1 millivolt per msi of bicarbonate ion per liter, which would lead to a value 
of the order of 2 for log K', assuming the equilibrium 

lCa++] + [HCOr] = tCaHCOd+ 

The results of Greenwald (3) based on pH titrations lead to a value of about 
0.8 for this constant.® The large irreversible potentials obtained with the 
electrode of the third kind appear to be produced by the formation of 
insoluble lead bicarbonate at the electrode. This effect would clearly 
vitiate results obtained with this particular electrode in biological fluids 
containing bicarbonate ions. A satisfactory electrode should probably be 
one whose metallic cation forms a soluble bicarbonate. 

* In aa exact fonnulation of. equilibrium the formation of undissociated 
ICaCOJ should be taken into account. As Greenwald (3) has shown, both complexes 
are formed in the physiological range of pH. Because of the formation of insoluble 
lead salts, neither equilibrium can be studied tdth the lead amalgam electrode. 
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Table V 

Interaction of Aromatic Acids with Calcium and Barium Iona at SB” 
Ionic strength == 0.15. 


Sodium benzoate 


CaCI] 

CiHiCOONa 

NttCl 

iiE 

a#Ca 

ica*+l 

Logic 

Meaa lo^iC' 

mote per 1. 

mole per 1. 

mole per 1. 

volt 


mole per 1. 



0.0025 

0.000 

0.1425 

0.0000 

0.000 

0.00250 




0.025 

0.1175 

0.0002 

0.007 

0.00246 

mm 




0.0925 

0.0002 

0.007 

0.00246 



0.0050 

Kl 


0.0000 

0.000 

0.00500 





Em 

0,0004 


0.00484 

-0.18 




0.0850 

0.0005 


0.00481 

-0.12 

-0.24 

BaCli 




ApBa 

[Ba++1 



0.0025 

0.000 


0.0000 

0.000 

0.00250 




0.025 


0.0000 

0.000 

0.00250 

<0 



0.050 


0.0002 

0.007 

0.00246 

-0.48 


0.0050 

0.000 

IhkhUI 

0.0000 

0.000 

0.00500 




0.050 

0.0850 

-0.0006 

-0.020 

(0.00524) 

<0 

<0 

Sodium salicylate 

CaClj 

z 

o 

8 

a 

NaCl 

AE 

a#Ca 

[Ca++J 

LogX' 

Mean log K' 


o 




. 



mole per [. 

mole per 1. 

mole per I. 

volt 


mole per t. 



Q.6025 


0.1425 


0.000 

0.00250 





0.1175 


0.017 

0.00240 

0.22 




m 


0.024 

0.00237 

0.04 


0.0050 


IBi 


0.000 

0.00500 





H 

1 0.0006 

0.020 

0.00478 

0.25 



0.050 

0.0850 


0.024 

0.00473 

0.06 

0.14 

BaCI, 





[Ba+q 

. 



0.0025 

mm 


0.0000 

0.000 

0.00250 




0.025 

0.1176 


0.010 

0.00245 

-0.10 



0.050 

0.0925 

IBl 

0.010 

0.00245 

-0.40 

-0.25 


The figure in parentheses is an apparent value. The real value cannot be greater 
than 0.005. 


Cells mthout Liquid Junction — A number of determinations have been 
made wth the lead amalgam electrode and a silver chloride electrode in a 
cell without liquid junction, as in the earlier studies on aredno acids (7). 
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The measurements have been made in the barium chloride-potassium 
citrate system in which relatively lai^e effects are known to occur. 

The electromotive force, E, at 25° is given by the relation 

B = - 0.0SS71og ^BiCI. (8) 


or 


E => E* — 0.02957log ~ 0.05915Iog Aci 


(9) 


where 


= ’^AbaAci (10) 

Table VI 

InUTOclion of BaClt and PoCasaium Citrate from Electromotive Force of Cells without 

Liquid Junction 


Ionic strength 0.15, temperature SS". 


BiCU 

EiOHiO 

XaCl 

1 

A£ 1 

-0X159J5A 
log Cl- 

apBa. 

Log S' 

mcU ftr t. 

aale ptr 1, 

MiU per 1 

uls 

tsU 



0.0025 

0.0000 

0.1425 

0.0000 

0.0000 

0.000 



0.0010 

0.1365 

0.0052 

0.0011 

0.139 

3.07 


0.0015 , 

0.1335 I 

O.OOS2 , 

0.0016 

0.223 

3.12 


0.0025 

0.1275 

0.0125 

0.0028 

0.328 

3.00 

0.0050 

0.0000 

0.1350 

0.0000 

0.0000 j 

0.000 , 



0.0025 

0.1200 

0.008S 

0.0028 

0.203 

2.9S 

1 

0.0050 1 

0.1050 1 

0.0183 j 

0.0059 j 

0.419 

2.92 

Average .. 



. . . . 


... . 


3.02 


The activities /1 b»cij) and jIci refer respectively to the electro- 
lyte, the cation, and the anion. In interpreting the results, it is assumed 
that the activity coefficient of the chloride ion is constant at constant ionic 
strength. Then 


B = £» 4- 0.02957pBa - 0.059151og Ma (11) 

From the data, values of pBa are obtained. The results imply no as- 
sumptions as to the liquid junction potential, but depend on the assmnption 
regarding the chloride ionic activity coefficient. The modification of the 
method is analogous to that of Hamed’s use of cells without liquid junction 
to determine the dissociation constants of weak acids and bases (4, 5). 

Values of log K' are calculated as before from the values of pBa. They 
agree quite well with those obtained in the series of measiuements with 
liquid junction. The results are included in Table VI. 
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DISCUSSION 

The results obtained by electrometric determinations of pCa, pBa, and 
pSr in mixtures of the alkali earths and organic acids are conveniently 
summarized by tabulating the values of log K'. In every case it is assumed 
that the complex formation can be expressed as a reversible bimolecular 
reflctinn of the type 

[Me++i + /!*=> 


[Me++1 + [A«I = [MeA*-]; K' = 
Ionic strength 0.15, 


Table VII 

Equilibrium Constants of Complex Formation 
IMeA] 


iMe++} [A1 ' 


Values of log K' 



Ca , 

Sr 

Ba 

Citrate 

3.17 (3.22)* 

2.92 (2.70)* 

2.98 

Racemic tartrate 

a-80)t 

1.94 (1.65)t 

1.95 (1.62)t 

Succinate 

1.16 (1.20)t 

(1.06)t 

0.97 (1.03)t 

o-Phthalate 

1.07 


0.92 

Lactate 

0.82 (1.07)t 

(0.70)t 

(0.65)t 

Acetate 

0.53 (0.53)t 

(0.43)t 

(0.39)t 

Salicylate 1 

0.14 


<0 

Benzoate I 

<0 


<0 


Values for a number of these constants have been given by Topp and Davies (10) 
and by MoDougall and Larson (8) . Those of the former are based on conductivities, 
the latter on solubilities. In general the agreement is satisfactory. 

* Hastings et al. (6). Ionic strength, 0.155 to 0.165. 

t Cannan and Kibrick (2). Ionic strength, about 0.2. 

where z is the number of negative charges of the acid anion, corresponding 
to the number of charged carboxyl groups. [Me++] denotes the metallic 
cation. The charge of the complex, represented by the quantity (2 — z), 
may be positive, negative, or zero. The values obtained from Tables II 
to V are summarized in Table VII and compared with those obtained by 
independent methods. 

In most cases there appears to be no serious discrepancy in any of the 
results obtained from the three independent methods, electrometric cal- 
cium, electrometric pH, and the frog heart preparation. In all cases in 
which the magnitude of the effect is great enough to be significant the inter- 
action of the alkali earth cations with organic anions can accordingly be 
represented as a bimolecular reversible combination to form a univalent 
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cation, an uncharged molecule, or a univalent anion, depending on the 
anionic charge. The affinity of this association, as measured by K', the 
equilibrium constant, increases with the number of carboxyl and hydroxyl 
groups of the anion. It Is greater for aliphatic acids than for benzoic acid 
and its derivatives, especially in the case of monocarboxylic acids. 

SUllilARY 

1. The interaction of calcium, barium, and strontium ions with the anions 
of weak organic acids has been studied with electrodes of the third kind. 
The acids studied include citric, tartaric, succinic, lactic, phthalic, benzoic, 
and salicylic. 

2. The effects are formulated in terms of a bimolecular combination of 
cation and anion to form a univalent complex cation or anion, or an im- 
charged molecule. 

3. From the results the equilibrium constants of the organic metal com- 
plex are calculated, and compared with the values obtained from pH titra- 
tions and from the frog heart preparation. No serious disagreement was 
foimd in the series of results reported. 

4. The tendency to complex formation was greatest for the tricarbo:orlic 
acid, and least for monocarboxylic acids. It is less for aromatic acids than 
for aliphatic and greater for hydroxy acids than for the unsubstituted 
homologues. 

5. The electrode was found to yield erroneous results in bicarbonate sys- 
tems. The implications of this error for determinations in biological fluids 
were pointed out. 
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FACTORS AFFECTING THE ENZYMIC DESTRUCTION OF 
CAROTENE IN ALFALFA* 

Bt H. L. MITCHELL and S. M. HAUGE 

(Prom the Department of Agricultural Chemistry, Purdue University Agricultural 
Experiment Station, Lafayette) 

(Received for publication, April 29, 1946) 

In a previous paper on the enzymic nature of the carotene-destroying 
system of alfalfa, Mitchell and Hauge (1) presented evidence which 
indicates that the carotene-destroying enzyme in alfalfa is a lipoxidase. 
The following experiments are a continuation of this work and show the 
effects of various factors upon the activity of the enzyme in alfalfa. 

expekhieotai, 

In these experiments the term “whole alfalfa” is used to indicate the 
part of the plant which is harvested in the usual hay-maldng operation. 
In aU cases in which defrosted tissue was used the material was frozen at 
— 15“ and defrosted immediately before use. In part of the experiments, 
only the leaves were subjected to treatment, while in others whole alfalfa 
was used. In all experiments, only the leaves were used for carotene 
determinations. The carotene content of the fresh leaves was also deter- 
mined in each experiment. All samples were blanched with steam before 
carotene determinations were made. Carotene was determined by a 
modification (2) of the method of Moore and Ely (3). Measurements were 
made with a Beckman spectrophotometer at 4360 A. 

Effect of Modifkaiion of CM Strudure — ^In this experiment, 5 gm. samples 
of alfalfa leaves were divided into three series. Each series was incubated 
at 37“. 

Series 1 — The leaf structure was preserved as nearly as possible in its 
initial condition by incubating fresh leaves over water in desiccators. By 
this procedure the leaves were held in an atmosphere saturated with water 
vapor, which greatly retarded wilting and prevented desiccation. 

Seriee 2 — Fresh leaves were permitted to wilt and to desiccate by incu- 
bating in open beakers. 

Series S — Defrosted leaves, in which cell permeability had been increased 
by freezing (4), were incubated in beakers which were covered with watch- 
glasses to retard the loss of moisture. 

Samples of each series were removed at intervals up to 24 hours and were 
analyzed for carotene. The results are presented in Fig. 1. 

•Journal Paper No. 255 of the Purdue Univeraity Agricultural Experiment Station. 
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The fresh leaves which were incubated in an atmosphere saturated with 
water vapor (Series 1) showed but little evidence of mlting even after 24 
hours and lost carotene very slowly. 

In the fresh leaves, which were permitted to wilt and become dry (Series 
2;, carotene destruction was negligible in the first 4 or 5 hours. During 
this period little ■wilting was noted. After 8 hours, the leaves were defi- 
nitely wlted and the destruction of carotene was appreciable. After 24 
hours the leaves were quite dry and had lost approximately twee as much 
carotene as the leaves in Series 1. 



Fia. 1. Loss of carotene during the incubation of fresh leaves, fresh leaves over 
water, and defrosted leaves. 

The turgidity of the fresh leaves had a marked inhibitory effect on the 
activity of the enzyme. That the water content is not directly responsible 
for this inhibition is indicated by the fact that defrosted leaves (Series 3) 
lost carotene very rapidly in spite of a high retention of water. In fresh 
leaves the enzyme was apparently unable to come into contact with the 
substrate as long as the leaves remained turgid. However, when the cell 
membranes were ruptiued or otherwise modified by freezing, rapid loss of 
carotene occurred. This suggests that cell permeability limits carotene 
destruction. It seems logical to conclude that little loss of carotene will 
occur imder field conditions until wilting takes place. 

Effect of Soil Ferlilily — To study the effect of soil fertility on enzymic 
destruction, plants from two series of fertility plots were studied. In 
Series A, the untreated plot had not had a fertilizer application for 23 years. 
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The average annual yield of hay was 4527 pounds per acre. The treated 
plot veceived manure and 400 pounds of 2-12-6 fertilizer per acre in a 4 
year rotation of com, soy bean, wheat, and alfalfa. The average annual 
yield of hay was 5950 pounds per acre. In Series B, the plots had been 
growing alfalfa continuously for 28 years. The untreated plot had had no 
fertilizer applications and yielded an average of 6388 pounds of hay per 
acre per year. The treated plot had received 80 pounds of potash and 
superphosphate at the rate of 80 pounds of PiOs per acre every 2 years. 
Ground limestone had been added at intervals to the fertilized plot. The 
average yield of hay from this plot was 7791 pounds per acre per year. 

Samples of alfalfa were obtained when the plants were about 8 inches 
high. The leaves were removed from the stems and were frozen. The 
frozen leaves were defrosted and incubated in closed Petri dishes for 3 hours 
at 37“. 


Tablb I 

Effect of Soil Fertility on Carotene-Destroying Aciicity of Alfalfa Leones 



FmIH»Uoa 

Carouse 1 

loa 


Frail 

Defnojud, 

lacaWted 



■y #«■ w. irr 

Tfer^m.iry 

ntiikt 

fcr ctnf 

-A. 

Kone 

SOi 

235 

53.4 


Manure, N, P, K 

557 

232 

58.3 

B 

None 

4S0 

196 

59.2 


Lime, P, K 

493 

206 

58.1 


Results (Table I) show that soil fertility had no effect on the carotene- 
destroying activity of alfalfa leaves. 

Effect of Stage of Growth — Alfalfa is usually cut for hay when in early 
bloom because the protein and carotene contents rapidly decrease after 
this point is reached (5). The possibility that there may be changes also 
in the carotene-de3tro)dng activity was investigated by measuring the 
enzyme activity at various stages of growth. 

Samples of whole alfalfa were taken after the second cutting at intervals 
up to the time of the third cutting. Each sample was divided into two 
parts. One portion was incubated at 37° for 24 hours, after which the 
leaves were removed for analysis. The leaves of the other portion were 
removed from the stems and were frozen. The leaves were defrosted and 
incubated at 37° for 3 hours. 

The data, presented in Table II, indicate a alight decrease in enzymic 
activity with increasing age of the plants up to very enrly bloom stage. 
Unfortunately the entire field was harvested at this stage, so that no later 
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samples were available to show the effect of more advanced stages of 
maturity. 

Effect of Variety — Since genetic constitution may greatly affect the 
chemical composition of plants, four varieties of alfalfa were used to investi- 
gate the possibility of differences in carotene-destroying activity. 

In the first experiment, plots of Buffalo, Ranger, Grimm, and Turkestan 
alfalfa were harvested when in the early bloom stage of the second growth. 
Fresh leaves of each variety were incubated in open Petri dishes for 24 
hours at 37° and defrosted leaves were incubated in closed Petri dishes for 
3 hours. The carotene determinations are sho^vn in Table III. 

In the second experiment the alfalfa plots were harvested during the 
early bloom stage of the third growth. Defrosted leaves of each variety 
were treated as in the first experiment. The fresh material, however, was 


Table II 

Effect of Stage of Growth on Carotene-Destroying Actioity of Alfalfa Leaves 


Date of harvest 

Height of 
plants 

Carotene j 

Loss 

Fresh 

Fresh ► 
incubated 

Defrosted, 

incubated 

Fresh, 

incubated 

Defrosted, 

incubated 


irt. 

y per cm. 
dry vieickl 

Y per |m. 
ary vetg/if 

7 

dry rsexgki 

per cent 

per cent 

July 26 

■31 

540 


166 


69.3 

Aug. 2 

BE 9 

510 

238 

179 


64.9 

“ 10 

Hi 

439 

199 

181 


58.8 

“ 20 

14-16* 

398 

217 

181 

45.5 

54.5 


* A few blossoms. 


treated in a different manner in order to duplicate as closely as possible the 
conditions that would prevail in the field on a typical hay-curing day. 
The whole alfalfa was dried in a Despatch oven with circulating air at 
30-35° for 24 hours. This temperature range approximates that which 
was found about 2 inches above alfalfa curing in the field on a good hay- 
curing day. The results of the experiment are presented in Table III. 

No consistent differences were obtained in the enzyme activity of the 
four varieties. If the varieties are arranged in order of increasing loss of 
carotene, the order for one method of treatment may not be the same as 
that for the other methods. This may be due to factors other than enzyme 
content which operate to different extents under the various conditions. 
The incubation of defrosted leaves should be the more accurate method of 
estimating the actual enzyme content, since such factors as cell permeability 
and rate of desiccation are eliminated. 

Although the four varieties of alfalfa which were tested did not differ 
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consistently in carotene-destroying activity, it should not be assumed that 
varieties of low activity do not exist or caimot be produced by altering the 
genetic constitution of present varieties. The development of such varie- 
ties would minimize the loss due to enzjTne activity during field curing. 
Consequently, alfalfa of higher carotene content might be produced by the 
curing processes now in use. 

Relative Effect of Sunlight and Enzyme Activity on Loss of Carotene in 
Alfalfa — ^The investigations of Guilbert (6) and of Jones et al. (7) on the 
destructive effect of sunlight on the carotene in alfalfa were conducted at 
temperatures considerably higher than those which prevail under field 


Table III 

ESect of Variely on Caroiene-Destroying Activity of Second and Third Cutting Alfalfa 

Leaves 


Viriety 

Carotene 

Loss 

Fresh 

^ Fresh, 
incubated 

Defrosted, 

incubated 

Fresh, 

incubated 

Defrosted, 

incubated 

2nd cutting 

Buffalo 

7 ‘"I- 

ery s<i(tU 

388 

3S2 

365 

344 

7 f" iq- 

ary erttv 

234 

233 

209 

204 

dry vextkt 

167 

165 

178 

133 


feruni 

57.0 

56.8 

51.2 

61.3 

Ranger 

Grimm 

Turkestan 

3rd cutting 

Buffalo 

449 

268 

274 

40.3 

39.0 

Ranger 

478 

312 

255 

34.7 

46.7 

Grimm 

497 

343 

314 

31.0 

36.8 

Turkestan 

486 

349 

229 

28.2 

52.9 


curing conditions. Since it is conceivable that their conclusions are not 
valid for field curing conditions, an experiment was conducted to determine 
the relative effects of sunlight and of enzyme activity on carotene destruc- 
tion during field ciuing. 

Fresh whole alfalfa was spread on the ground in a thin layer at 2 p.m. 
and was exposed to s unli ght and other field curing conditions until 4 pan. 
the following day. The first afternoon was a good hay-curing day for 
Indiana, being a cloudless, warm day with a moderately strong wind. 
The second day was partly cloudy. The temperature of the air immedi- 
ately above the alfalfa was measured every half-hour. Portions of the 
sample were removed for carotene and moisture determinations at 7 pan., 
7.30 am., and 4 pm. 
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BNZYJIIC DESTBUCTION OP CAROTENE 


To measure the destruction of carotene in the absence of sunlight, a 
sample of the fresh whole alfalfa was treated in a Pespatch oven with 
circulating air at temperatures which coincided as nearly as possible with 
those which were observed above the leaves outside. The sample was 
moved outdoors at 7 p.m. and was covered ivith paper to exclude late 
evening and early morning sunlight. It was returned to the oven at 7.30 
a.m. the next morning. Portions were removed for analysis at 7 p.ni., 
7.30 a.m., and 4 p.m. 
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Ul 
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5 

UJ 
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Fia. 2. Effect of light and enzyme activity on the destruction of carotene in alfalfa 
leaves. 


The data are sinnamarized in Pig. 2. The loss of carotene due to sunlight 
and enzjnme action in the sun-cured alfalfa was 57.8 per cent, while the loss 
in. the oven-cured alfalfa due to enzyme action alone was 35.2 per cent. 
These values do not support the conclusion of the previous investigators 
that enzyme action is of minor importance when compared to the destruc- 
tive effect of sunlight. Climatic conditions, however, may greatly alter 
the relative effects of sunlight and enz3Tne activity. In regions where 
low humidity and high temperature favor rapid drying, enzymic destruc- 
tion of carotene may be considerably less than was found imder Indiana 
conditions. Uimecesaary e.xpoaure to sunhght after the hay is cured may 
also cause further destruction of carotene. 
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The apparent destructive action of sunlight may be explained in a 
number of ways, (a) Usually the stomata of leaves are closed in the 
absence of light (8). By causing atomatal opening, sunlight accelerates 
transpiration, which results in more rapid wlting of the leaves. (6) 
Sunlight may produce leaf temiieratures which are somewhat higher than 
the temperature of the surrounding air (8), with the result that enzymic 
destruction will be increased both by increased wilting and by the effect 
of temperature upon the enzyme itself, (c) In the presence of chlorophyll, 
carotene in solutions is known to be destroyed rapidly by sunUght (9) and 
it is conceivable that such destruction also occurs in the leaf. 

An experiment similar to that described above was conducted in which 
autoclaved whole alfalfa was dried in the sun and in the dark. No loss 
of carotene occurred in the sample dried in the dark. However, the sample 
dried under field conditions in the sun lost both chlorophyll and carotene 
until the leaves were bleached almost white. The sample lost even more 
carotene than (hd unautoclaved sun-cured alfalfa imder the combined 
effects of sunlight and enzyme action. This confirms the work of Jones 
et al. (7). The reason for the greater loss in autoclaved alfalfa under field 
conditions is obscure. Ultraviolet light is apparently not responsible, since 
a sample of autoclaved alfalfa leaves which was exposed at 35° to ultraviolet 
light from a mercury arc lamp lost only 9 per cent in 12 hours. 

In view of these experiments, it appears that the estimation of the effects 
of sunlight and enzyme on carotene destruction caimot be accomplished 
by comparing autoclaved and unautoclaved alfalfa dried under field con- 
ditions. The comparison of unautoclaved alfalfa cured in the sun and 
unautoolaved alfalfa cured in the dark appears to be the most feasible 
method at the present time. 


BUMMABY 

Enzymic destruction of carotene in alfalfa leaves was retarded as long as 
the tissues renamed tur^d, but increased rapidly wfith wilting. Since the 
loss of carotene was very rapid when the cells had been ruptured or other- 
wise modified by freezing, it appears that cell permeability limits carotene 
destruction. Under field conditions, little loss of carotene occurs imtil 
wilting takes place. 

Soil fertility had no significant effect on the carotene-destroying activity 
of alfalfa leaves. 

As the plants approached maturity, there was a slight decrease in caro- 
tene-destroying activity. 

There were no consistent differences in the carotene-destroying activity 
of the four varieties of alfalfa studied. 

Enzymic destruction of carotene during field curing appeared to be- 
greater than destruction by light. 
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TRYPTOPHANE STUDIES 


I. THE EFFECT OF NIACIN ON THE UTILIZATION OF 
TRYPTOPHANE* 

Br W. A. ICREHL, J. de Ui . HUERGA, .^nd C. A. ELVEHJEil 

(.From the Department of Biochemistry, College of Agricvlture, University of 
Wisconsin, Madison) 

(Received for publication, April 29, 1946) 

Although previous work (1) has demonstrated that either tryptophane 
or niacin is completely and separately active in correcting the poor growth 
which results when rats are fed a niacin-low diet which contains com, little 
other than indirect evidence has been obtained to explain the mechanism 
of this syndrome. Woolley has recently shown (2) that the growth- 
inhibiting effect of 3-acetylpyridine in mice can be counteracted by trypto- 
phane and suggests that the "action of com may be related to the occur- 
rence in it of a structural analogue of nicotinic acid which competes with 
that vitamin just as 3-acetylpyridine does.” While this hypothesis is 
attractive and may indeed be correct, it appears to fall short of e.xplaining 
the fact that the syndrome produced with com can be duplicated with 
non-com rations by adding tryptophane-free proteins or acid-hydrolyzed 
proteins to niacin-low rations which contain marginal amounts of trypto- 
phane (3). 

In an effort to elucidate the relationship between niacin and tryptophaSie 
an experiment was devised to determine the effect of niacin on tryptophane 
utilization. This was done by determining the balance, between ingested 
tryptophane and the tryptophane accoimted for by gain in body weight 
plus that excreted in feces and urine. 

Inasmuch as an accimate and preferably rapid method for tryptophane 
analy^ was a prerequisite to this study, preliminary experiments were 
made to ascertain how tryptophane could be determined most satisfac- 
torily in animal tissues, urine, and feces. 

• Published with the approval of the Direetor of the Wiseonsin Agricultural Ex- 
periment Station. This work was supported in part by a grant from the National 
Dairy Council, on behalf of the American Dairy Association. Dr. J. de la Huerga 
was supported by a fellowship from the Institute of International Education, 2 West 
45th Street, New York 19, New York, and by the University of Santo Domingo, 
Dominican Republic. 

We are indebted to Merck and Company, Inc., Rahway, New Jersey, for the 
generous supply of crystalline B vitamins, and to the Abbott Laboratories, North 
Chicago, Illinois, for the generous supply of haliver oil. 
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tryptophane studies. 


experimental 

Hes 

mined by microbiological methods but accurately deter- 

of preparing the sample for analyst in rxm^est difficulties 

the tryptophane without its destmction AIth“T'' 
been proposed for the liberation of f ’ f several methods have 

certain disadvantages and h^VoL^^^^^^^^^ 

et al. (5) probably offem the highest dear^ J 

and time-consuming; therefore the nh ^“t is cumbersome 

hydrolysis were chosen as a basis for tho ^*7® procedures of alkaline 

Greene and Black nrnn i 

liberation of tryptophaL and 'obtabed'th'' ' for the 

assay values by 2 to correct for nf ^ multiplying the 

el al.(5) indicated that irregular resultefor^^^ racemization. Wooley 
5 N NaOH was used for hSrolvS tryptophane were obtained when 
nuzation of pure ^(-)-tryntoDhflno ■ ®“Sgested that the extent of race- 
favorably on the ule of 

tion of tryptophane from nrotein, hi ^ liberation and racemiza- 
sample size and time of hyd? o?ys^’ ^ ^“P^'^zed the importance of 

l(-)-tryptophane^tlo*i^^an?bTer^ P*^® 

^(-)-tryptophane plus gelatin^e 7^T “P?”“®°t8 with casein, and 
of NaOH and Ba(0H)2.8H,0 Th various concentrations 

5 N JBa(OH)2 was that reported , tor hydrolysis with 

Ba(0H)..8H,0 waa used aB^nm T'^ ““P‘ “p* 

the water of crystallization). * (with proper correction for 

The materials treatpH xl , 

results obtained are compUed ^ TaW analytical 

imcrobiologically by the omission of ’ k ^^^*°Phane was measured 
cm m the medium of Krehl el al (7) and the inclusion of nia- 

shown in Fig. i. • ^ representative standard curve is 

It is evident from Tablp T tLof j 

the tiyptophane content of casein^^th^h^*c^^ results were obtained for 
although the Ba(OH), method is longtr Md mo ° 

treatment. Neutralization of the Nnf>S°if *^an NaOH 

presence of NaCl in the sample should n subsequent 

samples because (a) ^aclobacillue arabinosu^ i ^“'^I’lcsome for most 
concentrations of NaCl, and (6) theS^ ? ! large 

reduces the NaCl concentration beW cri? casl 

NaOH below 5 n gave less secure results ahh ^k^^' ^°“‘=^atrations of 
8H2O appears to be about as effective al 5 n Stohi^^ Ba(OH)2- 

^^^■*^-'2 m hydrolyzing casein 
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Tabls I 

Tryptophane Assay Results on Pure Tryptophane and Casein loith Lactobacillus 

arabinostis 


HiteHii truted 

Method of ueatseat, at Ml* \ 

1 

TiyptcphAT.g 

coateat* 

Tiypto 

pa lag 

rccovcryt 

Casein, 1 1 gm. 

20 cc. 1 r; NaOH, 5 hrs. I 

P*r uni 

0.66 

^ uni 

« J tt 

20 2.5 -v NaOH, 7 hrs. | 

1.22 ' 


** J 41 

20 “ 5 N NaOH, 5 hrs. 

1.23 


« 44 

20 “ 5 " “ 7 “ 

(1.16-1.28) 

1.28 


“ 2 “ glucose, 2 

40 " 5 “ “ 7 “ 

1.10 


gm. 




Casein, 1 gm. 1(— )-trypto- 

20 “ 5 “ “ 7 “ 


106 

phane, 10 mg. 




Casdiiij 1 gm. 

25 “ 14% Ba(OH)i-8HiO, 

1.15 


** 1 44 

5 hrs. 

20 cc. 5 :r B3(OH)i, 7 hrs. 

1.28 


“ 1 •• -f- K-l-trypto- 

20 “ 5 “ “ 7 “ 


66 

phane, 10 mg. 




Casein, 1 gm. -f 1(— )-trypto- 

25 “ 14% B3(OH)j-8H,0 


78 

phane, 10 mg. 




U~)-Tryptophane, 10 mg. 

HiO, 5 hrs. 


93 

“ 10 " 

20 cc. 2 N NaOH, 5 hrs. 


94 

“ 10 “ 

20 “ 5 “ “ 5 “ 


(88-92) 

“ 10 » 

20 “ 5 “ “ 7 “ 


81 

" 20 “ 

40 “ 6 “ “ 7 " 


76 

“ 5 “ 

25 “ 14% Ba(OH)i-8HiO, 


(84-83) 

“ 5 “ 

7 hrs. 

25 cc. 5 N NaOH, 5 hrs. 


(84-92) 

“ 10 “ 

20 “ 5 “ Ba(OH)i, 7 hrs. 


(46-48) 

" 5 “ - 1 - 

20 “ 5 “ NaOH, 5 hrs. 


84 

gelatin, 0,5 gm. 




1(— )-Tryptophane, 5 mg. - 1 - 

20 •• 5 “ Ba(OH),, 7 hrs. 


44 

gelatin, 0.5 gm. 





* Values were obtained by multiplying the actual values by 2, assuming complete 

racemization. 

t Values, as found by microbiological assay. The figures in parentheses show 
the range when two or more samples were analyzed. 
t labco vitamin-free casein. 

under the conditions employed. The addition of glucose to casein re- 
sulted in somewhat lower tryptophane values with either reagent. In- 
®reasmg the autoclaving time beyond 5 hours resulted in a poorer recovery 
of i(— )-tryptophane. 

The assumption of complete racemization of pure /(— )-tiyptophane in 
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the presence of strong alkali is unwarranted, particularly when 5 n NaOH 

^ variable results obtained with 5 n 

Ba(OH)j treatment of Z(-)-tryptophane, raised the question as to whether 
the recoveries obtained with this reagent, which approximated 50 per cent, 
were actually the result of complete racemization or the fortuitous result 
of about 50 per cent destruction of Z(-)-tryptophane. 

Since Lactobadllm araUnosus responds only to the Z(-) form of trypto- 
p ane, the question of racemization versus destruction could not be 
answere by the use of this test. The fate of tryptophane could be de- 
termmed, however, by applying a chemical test to the alkali-treated trypto- 
p ane solutions, inasmuch as no chemical differentiation of the enantio- 
morphs of tryptophane can be made. 



Fig. 1. Tryptophane standard curve {Lactobacillus arabinosus) 

The chemical method used for the determination of tryptophane was 
based essentially on the method of Folin and Marenzi (8) with phospho- 
molybdotungstic acid for color development, which was measured in the 
Evelyn colorimeter Avith a 420 ma filter. The chemical and comparative 
microbiological analyses of Z(— )- or dZ-tryptophane, which was treated with 
5 N NaOH or Ba(OH)2 respectively, are shown in Table II. These results 
indicate that 5 n Ba(OH)2 but not 5 n NaOH treatment results in a marked 
destruction of tryptophane. Treatment with 14 per cent Ba(0H)2-8H20 
caused little destruction of tryptophane. 

To study the relationship between autoclaving time and the effect of 
5 n Ba(OH)2 and 5 n NaOH on tryptophane, samples of Z(-)- and dZ- 
tryptophane were treated with the respective reagents for varying lengths 
of time and analyzed for tryptophane by the chemical method. The 
results are graphically shown in Fig. 2 and demonstrate a progressive de- 
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struction of tryptophane by 5 n Ba(OH)j. That some tryptophane is 
adsorbed on the BaSO« precipitate was evident, since about 2 per cent of 


Table II 

Comparison of Microbiological and Chemical Assay of Tryptophane Treated by 5 H 
NaOH and S .v Ba(OB)t, Respectively 


Mxteru] treated^ 10 


Tryptophane recovery 

Method of Ueitzaeat, at IM* 

biolo^cxl 

auay 

Chesilcal 

auay 

1(— ) -Tryptophane 

20 cc. 5 N NaOH, 5 hrs. 

fer ant 

go 

ptr ant 

95 

di-Tryptophane 

20 " 5 “ “ 5 “ 

94 

95 

I(— l-Tryptophane 

25 " 14% Ba(0H),-8H»0. 

Si 

89 


7 hrs. 

20 cc. 5 N Ba(OH)i, 7 hrs. 

53 

52 

dZ-Tiyptophane 

20 “ 5 “ “ 7 “ 

56 

5i 

!(— )-Tryptophane 

HjO, 5 hrs. 

96 

lOO 

dl-Tryptophane 

« 5 « 

97 

100 


* dJ-Tryptophane activity for Lactobacillus arabinosus is only 50 per cent of 
^(~)-tryptophane, and in calculating the above recoveries only the I component 
was considered. For the chemical assay the dl- and 1(— )-tryptophane have equal 
activity. 



_ Fig. 2. Effect of time and 5 a alkali at 121“ on tryptophane, aa measured chem- 
ically. 


the total tiyptophane (by analysis) could be removed from the precipitate 
by further extraction of the precipitate with hot HiO. 

The results with 5 n Ba(OH )2 and pure Z(— )- or dZ-tryptophane indi- 
cated that the microbiological assay results which had been obtained by 











556 


TRYPTOPHANE STUDIES. I 


multiplying the actual assay value by 2 might also be dependent on a 50 
per cent destruction of f(— )-tryptophane rather than its complete racemiza- 
tion. To test this idea samples of casein were autoclaved 5 hours at 
121° with 5 N NaOH and 7 hours at 121° with 5 n Ba(OH )2 or 14 per cent 
Ba(0H)2‘8H20, respectively. The samples were then analyzed for 
tryptophane by the chemical method (8) and it was found that the casein 
samples treated with 14 per cent Bo.(OR)f8HiO and 5 N Ba(OH )2 con- 
tained 82 and 59 per cent as much tryptophane respectively as did the 
sample which had been autoclaved with 5 n NaOH. 

These results substantiate the previous observations (9) that racemiza- 
tion of pure amino acids with alkali is induced with difficulty. Since 
racemization of 1(— )'tryptophane is evident, however, when casein is 
hydrolyzed with 5 n NaOH {chemical values are twice as high as micro- 
biological values), it appears that racemization precedes the hydrolytic 
cleavage of the peptide bond. 

This difference in behavior of tryptophane which depends on whether 
it is free or combined in the protein molecule obviously makes for some 
difficulty in ascertaining recovery. Recovery of pure 1(— )-tryptophane 
in the presence of casein (see Table I) was obtained, therefore, by assuming 
no racemization and subtracting the actual assay value for casein from the 
actual assay value of the recovery sample; i.e,, casein plus K-")-tryptO' 
phane. This study in general coa&im the observation of Stokes et al 
(6) that hydrol 3 rsis with 5 N NaOH provides an adequate and e.\pedient 
method for liberating and racemizing tryptophane from proteins, although 
little advantage could be observed in e.xtending the hydrolysis time beyond 
5 hours. 

Although the tryptophane values (X 2 to correct for racemization) 
obtained by 5 hours autoclaving at 121° with 5 N NaOH may not be ab- 
solute, they are consistent and representative, and consequently this 
method was used for liberating the tryptophane (when necessary) in the 
tryptophane balance experiments which follow. The indiscriminate 
application of this method of sample preparation is not warranted, how- 
ever, inasmuch as some destruction of tryptophane is indicated and this 
destruction may increase, depending upon the sample that is analyzed. 

Tryptophane Balance Study — ^Male rats of the Sprague-Dawley strain 
were used in the following experiments. The diets employed have been 
described in detail (1) and consisted of Diet A, which contained 2 parts 
of corn grits and 3 parts of the niacin-low synthetic ration, and Diet B, 
which was identical with Diet A, except for the addition of 1.5 mg. of 
niacin per 100 gm. of ration. Both diets contained 118 mg. per cent of 
tryptophane. Four rats, two on Diet A and two on Diet B, were placed in 
metabolism cages for a period of 4 weeks and careful records were kept of 
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weekly food consumption and gain in body weight. The urine and feces 
of each rat were collected separately and assayed for tryptophane. To 
determine the tryptophane content per gm. of rat, eight comparable rats 
were maintained on Diets A and B respectively, two rats on each diet were 
sacrificed at the end of each week of the metabolism study, and the entire 
carcass was assayed for tryptophane. This assured a fair comparison 
as to age and weight for calculating the tryptophane represented in the 
gm. gained per rat on the metabolism experiment. 

Urine tryptophane was determined directly after the urine had been 
filtered at pH 4.4, readjusted to pH 7, and diluted to appropriate volume 
for trj’ptophane analyris. No effort was made to eliminate the possible 
interference of indole, since this or any other compound containing or 
derived from the indole nucleus which might be active for Lactohacillus 
arabinosus must presumably have originated, from tryptophane. The 
niacin content of the urine was not determined since the amount of niacin 
e.xcreted is too small to modify significantly the results in view of the rela- 
tively large amounts of niacin utilized for animal growth. 

Feces were autoclaved for 1 hour with about 50 volumes of 1 n NaOH, 
after which an aliquot w'as taken for niacin determination (7). Another 
aliquot was further autoclaved with 5 n NaOH and assayed for trypto- 
phane, as previously described. 

The tryptophane content per gm. of rat was determined by autoclaving 
the entire carcass with 10 volumes of 1 N NaOH for 1.5 hours at 121°. 
This results in complete disintegration of the rat, except for bone frag- 
ments. An aliquot was then taken for niacin analysis (7) and another 
aliquot equivalent to 5 gm. of rat was made to 5 N by adding solid NaOH, 
autoclaved, and assayed for tryptophane as above. A remarkable con- 
sistency W’as noted in the tryptophane content of rat carcass regardless 
of diet, age, or size. The average tryptophane value for forty analyses 
was 1.70 mg, of tryptophane per gm. of rat with extreme values of 1.60 
and 1.88 mg. per gm. The per cent of tryptophane utilization was de- 
termined by the following equation; 

Tryptophane per gm. rat X gm. gained -Hryptophane in urine and feces X 100 
Tryptophane ingested (diet) 

The 4 week data are summarized in Table III, Experiment I. In this 
e.xperiment a comparison of Diets A and B was made over a 4 weeks 
growth period. In the second metabolism experiment, twelve rats were 
kept on Diet A (the deficient diet) for 4 weeks after weaning, at which 
tune four were placed in metabolism cages for 1 week. Two of the four 
rats were then given Diet B (which contains niacin) for 1 week, while two 
rats were continued on Diet A. The tissue tryptophane on the compar- 




558 


TRYPTOPHANE STUDIES. I 


able extra rats and the tr 3 Tptophane in the feces and urine were determined 
as in Experiment I. It will be noted in Table III, E.xperiinent II, that after 
5 weeks on the deficient Diet A the rats made unusually large gains in 

Table III 


Effect of Niacin on Tryptophane Utilization 


Experi> 

meat 

No. 

Diet 

Rat 

No. 

Gain per 
wk,* 

Food 1 
Intake : 

Trypto- 

phane 

in 

urine 

Weight of 
feces 

Trypto- 

phane 

in 

feces 

Trroto- 

phane 

inratt 

Tr^to- 

pbine 

utUiza- 

tion 

Food 

coasuap* 

tlonper 

gm.gi'iD 

I 

H 


IBI. 

3.5 

8.5 

gm.per 

wk. 

25.6 

46.0 

y ftr 

US, 

247 

326 

tm. per ui. 

0.589 

0.744 

mg. per 

Vfk, 

2.16 

2.36 

i 

per cent 

28.6 

31.6 

tm. 

7.25 

5.41 

Average 

6.0 

35.7 

287 

1 

0.666 1 

2.26 

1 

1.73 

30.1 

6.33 


B 

3 

26.8 

64.3 

677 


5.77 

lEI 


2.40 



4 

27.2 

66.5 

724 

Ba 

5.03 

wm 


2.44 

Average 

27.0 

65.4 

700 

1.292 

5.40 

1.76 

70.0 

2.42 

II 

At 

5 

5 

29 

368 

0.530 

1.62 

1.67 

30.6 

5.8 



6 

6 

33 

311 

0.645 

2.48 

1.80 

34.4 

5.5 

Average j 

5.5 

31 

339 

0.588 

2.05 

1.73 

32.5 

5.65 

1 

A§ 

1 

5 

n 

35 

381 

isa 

1.27 

1.60 

31.2 

5.0 



6 

H 

40 

144 


2.64 

1.70 

41.8 

4.0 

Average 

8.5 

37.5 

262 

0.668 

1.95 

1.65 

36.5 



At 

7 

8 

33 

302 

0.729 

2.16 

IB 

40 

4.12 


B§ 

7 

50 

91 

390 

2.078 

8.00 


91 

1.82 


At 

8 

5 

30 

563 

0.540 

1.64 

1.60 

28.6 

6.00 


B§ 

8 

43 

76 

510 

1.697 

6.90 

1.84 

93.8 

1.77 


* The figures for Experiment I give the average gain per week for 4 weeks. The 
figures in Experiment II give the weekly gains for the 5th and 6th weeks after 4 
weeks on Diet A. 


t Analyses made of comparable rats on comparable diets, 
t 5th week. 

§ 6th week. 

weight tvith a correspondingly high percentage of tryptophane utilization 
when they were given niacin. In addition to the fact that a high percent- 
age of tryptophane can be accounted for in rats on Diet B, considerably 
less of this diet was consumed per gm. of gain in body weight than on 
Diet A. 
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balance values simil<ir to those obtained for tryptophane were cal- 
culated for niacin (Table IV). Even when the niacin content of the urine 
is disregarded, it is evident that over 100 per cent of the niacin ingested 
can be accounted for regardless of diet, age of rat, or stage of deficiency. 
This is in marked contrast to the tryptophane balance in which case about 
30 and 70 per cent of the ingested tryptophane could be accounted for on 
the deficient and adequate diets respectively. 

From the data in Tables III and IV it is evident that the tissue content 
of niacin and tryptophane is quite constant (i.e., 33 y and 1.70 mg. per 
gm. respectively). In addition no significant difference can be noted 
between the niacin or tryptophane content per gm. of feces. 


Table IV 
’Niacin Ulilizalion 


Biel 

Food 

Kucia 

1 iaufce 

per 

wk.* 

Kuda in 

1 

Wei'sht of : 
Jeces 

Nuon in 
feces 

Excess 

aincint 



y ptf tsi. 

Xo. 

yiata. 

ttn.pttvk. \ 

y ptf vi. 

y itr Bi. 

A,t Rat 1 


68.8 

3.5 

32.5 

0.5S9 

85.7 

122 

u « 2 

46.0 

124 

8.5 

32.2 

0.744 

87.8 

218 

Average 

35.7 

96.4 

6.0 

32.4 

0.666 

86.8 

170 

B,5 Rat 3 

1 

64.3 : 

1066 

26.8 

34.8 

1.4S0 

193 

62 

« “4 

66.5 

1070 

27.2 

32.7 

1.105 

218 

9o 

Average | 

65.4 

1068 

27.0 

1 

33.8 

1.292 

206 

78 


* Average gain per week for 4 weeks. 

t (Niacin per gnl. of rat X gm. gained) + (feces niacin) — (niacin ingested). 

t Niacin content, 2.7 y per gm. of ration. 

§ Niacin content 17.7 y per gm. of ration. 

To examine further the relationship between niacin intake and output 
this ratio was calculated for the niacin-low synthetic basal, for the com 
gnts basal with dextrin as the carbohydrate in place of sucrose, and for the 
com grits basal plus 50 mg. per cent of 1(— )-tryptophane (1). The data 
obtained from the present metabolism study were used as a basis for the 
calculations which are compiled in Table V. (These calculations, while 
approximate, are representative and comparable.) 

DISCUSSION’ 

It is evident from the data (Table V) that the good growth and con- 
comitant increase in total tissue niacin obtained on the niacin-low synthetic 
basal ration could be accoimted for only by a mechanism of niacin syn- 
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thesis. Since the physiological processes of growth apparently involve a 
constancy of tissue components, growth will not occm in absence of any 
one essential component. 

Although corn supplies some dietary niacm, this source would be wholly 
inadequate in view of the relatively large demands for tissue growth unless 
a supplementary synthetic mechanism were available. That this supple- 
mentary mechanism is impaired on such a diet is evident. When dietary 
niacin is added in adequate amounts to the com ration, growth is resumed 
but apparently limited to the extent of dietary intake, since there is an 
almost exact balance between niacin intake and “output,” with little 
niacin synthesis in evidence. In this case almost as much dietary niacin 


Table V 

Calculated Niacin Balance on Various Diels 


Diet used 

Gain per 
wk. 

Nl&cin balance* 

Niacin intake 

Niacin in tis- 
sues Cecti 


tm. 

y per tok. 

7 ftr itl. 

Synthetic (sucrose)! 

27 

<10 


“ -1- com grits! 

6 

100 


“ 4 - <‘ “ niacin 

27 

1068 


“ ■+■ “ “ -h tryptophane 

27 

194 


“ (dextrin) -|- corn grits 

21 

194 

1 913 


* Output (tissue niacin X gm. gained -H feces niacin) — (niacin intake). 

t Contains <0.1 mg. per cent of niacin. The composition of the ration has been 
described (1). 

t Corn grits replaces 40 parts of entire ration (1). 

was added as had formerly been synthesized on the niacin-low synthetic 
ration with approximately the same growth ensuing in both cases. 

That the tryptophane content of the corn ration is adequate in the pres- 
ence of added dietary niacin might be explained by the positive effect of 
niacin on the utilization of tryptophane. Good growth is obtained with 
non-corn niacin-low diets containing only 108 mg. per cent of trjqitopbane 
(3) on which niacin synthesis is evident, but fails when corn rations are 
used, although their tryptophane content is slightly higher (i.e., 118 mg. 
per cent). 

The good growth effected by the addition of tryptophane to corn rations 
could result from the action of tryptophane in improving niacin synthesis, 
which could then play a dual r61e of providing adequate niacin for tissue 
growth and improving tryptophane utilization. Whether tryptophane 
acts to stimulate niacin synthesis in the rat or whether it is an actual 
precursor of niacin remains to be determined. 
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It should also be noted that the above explanation would be applicable 
to the analogous syndrome which can be produced with non-com rations. 

summabt 

Procedures for the liberation of tryptophane by the altaline hydrolysis 
of proteins have been studied. Hydrolysis mth 5 n NaOH at 121° for 5 
hours provides an adequate and expedient method for liberating trypto- 
phane with a minimum amount of destmction. 

Racemization of pure Z(— )-tryptophane does not take place when treated 
with 5 N hfaOH or 14 per cent Ba(OH)i-8HiO. Similar treatment with 
5 N Ba(OH). appears to destroy both Z(— )- or dZ-tryptophane. 

The utilization of tryptophane and niacin by rats on rations containing 
com grits and com grits plus niacin was determined by means of a balance 
study, and the results indicate that niacin improves the utilization of tryp- 
tophane from about 30 to about 70 per cent. Over 100 per cent of the 
ingested niacin was accounted for in all cases. The carcass content of 
niacin and tryptophane was remarkably constant. 

An explanation is offered for the effectiveness of either niacin or trypto- 
phane in cormteracting the retarded growth of rats on com rations. 
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A SPECTROPHOTOMETRIC METHOD FOR THE MEASURE- 
MENT OF ribonuclEjVse activity 

Br M. KUNITZ 

(From The Rockefeller Irutitute for Medical Research, Princeton) 

(Received for publicatioa, March 22, 1946) 

Digestion of yeast nucleic acid by ribonuclease is accompanied by a shift 
in the ultraviolet absorption spectrum of the substrate towards the shorter 
wave-lengths (Fig. 1). 

The shift is not due to the liberation of free acid which takes place during 
digestion (1, 2), since the effect of increasing the hydrogen ion concentra- 
tion is to shift the absorption spectrum of yeast nucleic acid in a direction 
opposite to that caused by ribonuclease; namely, towards the longer wave- 
lengths (Figs. 2 and 3). 

The shift in the ultraviolet spectrum caused by ribonuclease is most 
distinct in the region of 290 to 305 m/i, where the gradital decrease in the 
e.\tmction (density) E = log lo/I during the initial stages of the digestion 
process can be readily measured. The determination of the rate of change 
m the absorption of the ultraviolet light can thus serve as a convenient 
method for measuring the concentration (activity) of the ribonuclease in 
the digestion mbeture. 

The effect of varying the concentration of ribonuclease on the value of E 
at 3(K) 10(1 is shown graphically in Fig. 4, A. 

The value of E decreases linearly with time, at least during the initial 
phase of the reaction, the rate of decrease being nearly proportional to the 
concentration of enqone in solution, as shown by the values for the slopes 
of the lines. Hence 



( 1 ) 


IS an appro-ximate expression for the relationship between the change in E 
with time and the concentration C of the ribonuclease. However, the 
following relationship was found to hold for a wider range of concentration 
of ribonuclease; namely, 

-^ = KC(E-E/) ( 2 ) 

at 

where B = extinction (density) at any time, t, and E/ = final extinction. 
This equation is of the type corresponding to a unimolecular reaction, since 
the concentration of enzyme C is apparently constant during the reaction. 

563 




wQveiengtn in iryz. 

nucleic acid at pH 5.0. ”conceii^t ultraviolet absorption spectrum of yeast 
acid, purified by reprecipitation (Boehringer’s yeast nucleic 

testa) 0.05 mg. per ml. of 0 05 m acetic acid (1), was used in moat of the 

ribonucleaae (1) 0.00025 rag nerml of crystalline 

plotted values of B are observed reaHin absorbing solution = 1 cm. The 

ODserved readings of density log /,// of the solution. 
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Equation 2, when integrated, gives 

ICC 

-log (B - Bf) = ~l - log (S, — Ef) (2, a) 

When log (E—Et) is plotted against t, a straight line is obtained, the slope 
of which equals —KC/2.3, while log (Ea—E/) is the intercept at f = 0. 

The value of Ef is generally reached within 1 to 3 hours of digestion and 
is independent of the concentration of ribonuclease used. K, the propor- 
tionality constant, is a naeasure of the units of ribonuclease activity per unit 



Fsq. 3. The eSect ol pH on the extinction (density) of a solution of yeast nucleic 
acid in the range of 29t to 315 wii. 

concentration of enzyme and is obtained by plotting log {B — Ef) versits t 
(Kg. 4, B), multiplying the slope of the straight line drawn through the 
plotted points by —2.3, and dividing by the concentration of the ribo- 
nuclease in solution. 

The unit of ribonuclease activity is defined here as the amount of enzyme 
which is capable of cauring a decrease of 100 per cent per minute in the 
value of Bo — Ef of the substrate at 25°. The substrate conasts of 0.05 per 
cent solutiou of yeast nucleic acid in 0.05 m acetate buffer, pH 5.0. Ba — B/ 
is the maximum possible change in the extinction at 300 mp. 

EXPERIMENTAL 

The method of measuring ribonuclease activity by the spectrophoto- 
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metric method consists simply in mbdnti ranidlv 2 ml n i , 

dilute solution of nbonuclease m water, both at about 25°. The time of 
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cm. ifluer cross-section, and extinction (density) readings at 300 mu are 
taken every minute or longer for about 10 minutes, depending on the rate 
of drop in extinction. 


T.\ble I 

Bj^ect of Ribonuclcaso on Ultraviolet Light Absorption at SOO mii of Various Commercial 
Preparations of Yeast Nucleic .indl 


Digestion mixture, 2 ml. of 0.1 per cent nucleic acid in 0.1 ii acetate buffer solution, 
pH 5.0, plus 2 ml. of solution of 0.005 mg. of crystalline ribonuclease per ml. of HiO. 
The values of E are observed densities (log lafl). 


Ymt nttcleic &cid 

E, 


1 

Slope of los 1 

xaius t 

Activity, 
riboouduse 
Units per 
ml. 

Biboaude- 
ajA units 

ribouadcase 

Bochiinger ^ 

0.5&i 

0.106 

-0.047 

O.IOS 

43 

Standard Brands 

0.563 

0.423 

-0.044 

0.101 

40 

Merck 

0.516 

0.412 

-0.010 

0.092 

37 

Jfa nucleinate, Merck 

“ “ Schwarz Labors- 

0.536 

0.356 

-0.040 

0.092 

! 

37 

tones 

0.578 

0.362 

-0.038 

i 0.087 

1 

35 



Flo. 5. Various preparations of yeast nucleic acid 

A control solution conasting of a nuxture of 2 ml.of the yeast nucleicacid 
and 2 ml. of water is used as a check on the instrument. The control 
solution, if not contaminated with a trace of enzyme, generally does not 
show any drop in extinction, even after standing for several hours at room 
temperature. All the measurements are taken against 0.05 m acetate 
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buffer, pH 5.0, as a standard for /o . The readings are plotted either di- 
rectly against t in minutes or as log {E — Ej) verstis (, depending on the 
rapidity of the reaction. 

The ribonuclease activity per ml. of solution is equal in the first case to 
the slope of the line drawn through the plotted points of E versus t, divided 
by the value of Eq — E/, while m the second case it equals the slope of the 
line drawn through the plotted points of log (E — E/) versus t, multiplied 
by —2.3. Dividing by the factor Eo — E/ in the first case is necessaiy in 
order to express the activity in units comparable to those of the logarithmic 
expression, as defined in Equation 2, a. 

Effect of Using Various Preparations of Yeast Nucleic ricid— Several 
commercial samples of yeast nucleic acid were tried simultaneously. The 
results are given in Fig, 5 and summarized in Table I. The difference be- 
tween the various preparations is not very significant. It is convenient, 
however, to use preparations in which the difference between Eo and E/ is 
greatest. A Beckman quartz spectrophotometer has been used for the 
extinction measurements. 


SUMMARY 

A convenient method for the quantitative determination of ribonuclease 
activity is described. The method is based on the fact that ribonuclease 
causes a gradual shift in the ultraviolet absorption spectrum of yeast 
nucleic acid towards the shorter wave-lengths. 
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STEROroS DERIVED FROM BILE ACIDS 


IV. 3,9-EPOXY-AJJ-CHOLENIC acid and closely related 
COMPOUNDS 

Br VERNON R. ^UT^OX, RICHARD B. TURNER, LEWIS L. ENGEL, 
BERNARD F. McKENZIE, W.ARREN F. McGUCKIN, 

AND EDWARD C. KENDALL 

(From lha Division of Biochemistry, itayo Foundation, Rochester, Minnesota) 
(Received for publication, April 9, 1946) 

It has been shown that the Cjr-hydroxyl group in 3(o[),12-dihydro^- 
A'-'Lcholenic acid is easily replaced with an acetoxyl or methoxyl group (1). 
Further investigation has revealed the fact that through the action of hy- 
drogen chloride the Cu-hydrojQd, methoxyl, and acetoxyl compounds are 
readily converted into the same allyl chloride.* This derivative, even under 
mild conditions, loses halogen add to pve a new product which appears to 
contain an oxygen bridge between Cj and Cj. The preparation and prop- 
el ties of this new product and related compounds are described in this 
paper (Rgs. 1 and 4). 

A chloroform solution of methyl 3(o£)-hydro>Qr-12-methoxy-A*’**- 
cholenate (II)* (1) was saturated at O^with dry hydrogen chloride and after 
removal of the solvent a product was separated by crystallization from 
petroleum ether which possessed the properties of the expected allyl halide, 
methyl 3{et)-hydroxy-12-chloro-A’’**-cholenate (IV). The chlorine in this 
compound is asagned to Cn, since treatment with a concentrated solurion 
of sodium hydroxide gave 3(a),12-dihydroxy-A*-**'Cholenic acid (I) (1, 2). 
IVhen dissolved in methanol, IV xmderwent a replacement of chlorine by 
methoxyl to give the known Cu-methoxyl derivative (11). Methyl 
3(a)-acetoxy-12-methoxy-A’-‘*-choIenate (VIII) and methyl 3-keto-12- 
methoxy-A’-^-cholenate (XXV) have also been converted into derivatives 
with halogen at Cu (VI and XXIV respectively) by the foregoing method, 
and treatment of these compounds in aqueous acetone with a silver salt 
yielded the Cu-hydroxy derivatives (VII and XXIII) (1). 

When methyl 3(cc)-hydroxy-12-chloro-A*'“-cholenate (IV) in chloroform 
solution was not maintained in an anhydrous state, as previously described, 
but was washed with water and a dilute solution of sodium bicarbonate, the 
product obtained (XI) did not contain halogen.* 

From analogy with the formation of 3(a),12-dihydroxy-A*'**-cholenio 

* Hydtobromic acid forms the corresponding Cu-bromo compound. 

’ Roman numerals refer to the various compounds in Figs. 1 and 4. 

• The same compound (XI) was subsequently formed by treatment of the chloro- 
form solution of IV with pyridine. 

m 



X,PorbonzoicAdd°XIV. X, o, XI. CH,OH. traco ol minoral acid = II- 

I I IV.V-HClot HBi=XI. XI * HCl ot HBr^ IV <ji V. 
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acid (I) from IV with a strong solution of alkali it was anticipated that the 
halogen at C12 had been replaced mth a hydi'oxyl group to give methyl 
3(a),12-dihydroxy-A®-“-cholenate (III), but the substance isolated from 
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the chloroform was not III. Analysis of the product indicated the presence 
of only 3 atoms of oxygen and determination of the molecular weight showed 
that the molecule was a monomer. Absence of selective absorption in the 
ultraviolet re^on e.xcluded the possibility that loss of hydrogen halide had 
resulted in the formation of a conjugated diene, but the presence of an active 
double bond was shown by the utilization of 1 mole of perbenzoic acid to 
^ve an oade (XIV), and by the absorption of 1 mole of bromine to give a 
mixture from which two dibromo derivatives, XII and XIII, were isolated. 

The absence of a hydroxyl group at Ci was shown by failure of the acid X 
to form an acetyl derivative with acetic anhydride and pjiidine and by 
recovery of the dibromide XII unchanged from a solution of excess chromic 
acid in acetic acid. 

The new product (X) was also recovered unchanged from a strong solu- 
tion of sodium hydroxide but studies of the behavior of the ester XI in acid 
mediums indicated that an allylic system was present which possessed 
properties similar to those of the allylic compound methyl 3fa),12-dihy- 



droxy-A’-^-cholenate (III) and its Cxi-metho.xyl derivative (11). In 
chloroform both II and XI were converted with hydrogen chloride into 
methyl 3(a)-hydroxy-12-chloro-A’-“-cholenate (TV). In acetic acid and a 
trace of sulfuric acid II and XI yielded methyl 3fa)-hydrosy-12-acetoxy- 
A®-“-cholenate (XVI). On oxidation with chromic acid in acetic acid, both 
II and X yielded small amounts of the known methyl 3,12-diketo-A’'“- 
cholenate (XXI) (1) and in methanol and a trace of mineral acid XI was 
converted into II. 

On the basis of the evidence which has been presented we suggest the 
structure shown in Fig. 2 as the most probable for product XI. 

Several arguments may be advanced in support of this formulation. 
Fust, a simple mechanism easts for the formation of XI from the allyl 
hahdes IV and V by loss of halogen acid. Removal of the halogen at Cu 
through solvation would be expected to give rise to a carbonium ion with 
the residual charge distributed between Ca and Cu. The resultant hybrid 
cm yield a stable structure by formation of the six-membered cyclic ether 
with loss of a proton from the hydroxyl group at Cj (Fig. 3).'' 

*The isolation of 3(a),12-di}3ydxoxy-A**^-cholenic acid (I) from treatment of 

methyl 3(a)-hydroxy-12.cljoro-A*-“-cholenate (IV) with concentrated alkali, which 
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Evidence in favor of the reaction mechanism suggested for the formation 
of XI is furnished by derivatives of methyl 3(a)-hydroxy-12-haIo-A*'’‘- 
cholenate (IV and V) which cannot form the SjQ-epoxy structure but which 
can yield carbonium ions of the type under discusaon by loss of halogen. 
Two such compounds are methyl 3(o)-acetoxy-12-chloro-A’-“-cholenate 
(VI) and methyl 3-keto-12-bromo-A**“ cholenate (XXIV). The carho- 
mum ions which result from removal of the halogen atoms from these 
compounds are stabilized by loss of a proton and formation of conjugated 
dienes. The results of this investigation will be reported in a subsequent 
paper. 

Further evidence for the 3,9-epoxy structure is given by construction of 
Stuart models (4). Experimental evidence for the configuration of the 
bile acids (5-8), although not conclusive, indicates that the fusion between 
Rings A and B is cis as in cis-decalin, and that the hydroiQ^l group at Cj 
is a\ that is, that it lies on the side of the molecule opposite to the methyl 
group at Cio (9). The model shows that carbon atoms 3 and 9 are in a 



Fia. 3 


relation such that closure of a cyclic ether of the type discussed can be 
effected without distortion. A model with a cyclic ether linkage between 
Ca and Cn cannot be made and it is also impossible to form a model with 
a 3,9-epoxy structure if the Rings A and B are trans, or with the cyclic 
ether on the same side of the Bing A as the methyl group at Cio. These 
results furnish good confirmation of the previous assumptions in regard 
to the configuration of the bile acids. 

The most convincing evidence for the structure of XI was obtained 
by the preparation of the 11,12-oxide (XXVII). This yielded two of the 
four possible glycols at 11 , 12 (XXIX and XXXI) and both of these glycols 
in turn gave the same a-diketone fXXXTI) on careful oxidation with 
chromic acid (Fig. 4). 

Absorption in the ultraviolet region by the diketone showed a striMng 
similarity to that reported by Barnett and Reichstein (10) for the keto form 
of 11,12-diketocholanic acid. The shift to the longer wave-length with 
mflYima at 295 and 376 mu and log e 2.018 and 1.590, respectively, exhib- 


haa been previously mentioned, may be interpreted as a cUrect replacement of the hal- 
ogen with the bydrojtyl group (3). 
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ited by our compound may be attributed to the influence of the adjacent 
atom of oxygen at Cj (Fig. 5). 

It has been suggested that the formation of both the 3,9-epoxy structure 
and the diene from aUyl halides at Cu is through removal of halogen and 
formation of a carbonium ion. Stablization of the ion is accomplished in 
each instance through loss of a proton but the conditions under which 
halogen acid is lost to form the epoxide in one case, or the diene in the other. 



are quite different. The 3,9-cyclic ether is formed at room temperature 
within a matter of minutes when a chloroform solution of methyl 3(o:)- 
hydroxy-12-bromo-A®- “-cholenate (V) is washed with water. In contrast, 
methyl 3-keto-12-bromo-A® ■ “-cholenate (XXIV) and methyl 3(Q!)-acetoxy- 
12-chloro-A®- "-cholenate are entirely stable in a mixture of chloroform 
and water; the dienes are formed at the boiling point of pyridine. 

Another example of the difference in lability of the halogen at Cu is given 
by a comparison of the behavior of the closely related compoimds methyl 
3(o)-hydroxy-12-bromo-A®" “-cholenate (V) and the corresponding 3-keto 
derivative (XXTV) in methanol. The bromine in V was replaced with 
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the methoxyl group at 0° to give methyl 3(a)-hydroxy-12-methoxy-A’' 
cholenate (II), but XXIV was recovered unchanged after a methanolio 
solution of the compound had been heated to boiling. The bromine in 
XXIV was replaced with the methoxyl group after addition of silver nitrate 
to the methanolic solution at room temperature. 

Eeduction of the double bond in 3(a)-hydroxy-A“-cholenic acid (11, 12) 
in acetic acid with hydrogen and platinum to give lithocholic acid occurs 



X in m^UL 

Fig. 5. Absorption spectra of (Curve 1) methyl 3,9-epoxy-ll,12-diketocholanate 
and (Curve 2) methyl 11,12-diketooholanate, reproduced from the paper by Barnett 
and Reichstein (10). 

rapidly and it was anticipated that the reduction of the double bond CiiiCn 
in methyl 3 , 9-epoxy-A“'cholenate (XI) would give methyl 3 , 9-epoxy cholan- 
ate. However, in neutral ethanol neither the double bond nor the epoxy 
structure of XI was altered by hydrogen and Adams’ platinum catalyst. 
Addition of acetic acid to the solution produced rapid uptake of 1 mole of 
hydrogen, after which absorption of hydrogen almost ceased. After 
hydrolysis of the ester the product which was separated was not 3,9- 
epoxycholanic acid but was shown to be 3(Q:)-hydroxy-A®' “-cholenic acid 
(XVII) (13, 14). This is described in a later paragraph. 
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It was subsequently shown that the absorption of hydrogen occurred 
with formation of XVII when 3,9-epoxj'-A“-cholenic acid (X.) in neutral 
ethanol was used in place of its ester, and that small amounts of a weak 
oigdnic acid induced the reduction of methyl 3,9-epoxy-A“-choIenate (XI) 
in neutral ethanol. For example 1 msi of the ester XI and 0.5 mu of 
lithocholic acid in neutral ethanol absorbed 98 per cent of 1 molar equivalent 
of hydrogen in 22.25 hours. When 1 mM of lithocholic acid was present 
but when, in addition to the lithocholic acid, a basic substance, ethyl- 
morpholine, was added in an amount equal to the acid, less than 2 per cent 
of 1 molar equivalent of hydrogen was absorbed by the ester (XT) during 
an interval of 4 hours under identical conditions. 

These observations suggest that the epo.xide ring is opened to give 
methyl 3(a)-hydro.\y-12-etho.xy-A’'“-cholenate or an equivalent com- 
pound, prior to hydrogenolysis. However, the absorption of hydrogen 
and cleavage of the cyclic ether in acetic acid proceed at a rate far greater 
than can be e.xpected from observations on the opening of the 3,9-epo.xide 
ring through the influence of acetic acid alone, and the absorption of hydro- 
gen by XT is at a rate much greater than is the rate of the removal of the 
hydro.xyl, metho.xyl, or acetoxyl group at Cu through hydrogenolysis. 

The acid XVII (13, 14) was identified by reduction to lithocholic acid (15) 
and by formation of an aceto.xy ester (XIX) and an oxide (XX). The 
methyl ester (XVIII) was found to be dimorphous, with melting points of 
105.5° and 113°, and was thus differentiated from methyl lithocholate, 
which melts at 129-130° without previous softening or change in crystal 
structure (14, 16). 

In discussion of this series of compounds the structure of methyl 3(a)- 
hydroxy-12-methoxy-A’- “-cholenate (II) and the closely related deriva- 
tives with hydroxyl, chlorine, or acetoxyl at Cu (HI, IV, and XVf, respec- 
tively) was left without proof for the position of the double bond. The 
position of the substituent (hydroxyl, aceto.xyl, methoxyl, or halogen) 
could be at Cu with a double bond CjiCu as suggested, or at Cj with a 
double bond Cu^Cu. Although rigid proof of the position of the sub- 
stituent is lacking, treatment of the compounds with bromine provides 
evidence for the position of the double bond. 

In a chloroform solution the known methyl 3(a)-hydroxy-A’- “-cholenate 
and its Cu-keto derivative and the compoimds H, III, IV, and XVI to 
which the double bond has been assigned the CjiCu position do not readily 
utilize small amounts of bromine. However, methyl 3(a)-h3'dro.xy-A“- 
cholenate and its 3,9-epoxy derivative (XI) rapidly add 1 mole of bromine 
and form dibromo derivatives which are stable in a two-phase mixture of 
chloroform and aqueous sodium bicarbonate. 

It was furthermore observed that, in the presence of a large excess of 
bromine, absorption of halogen by the compounds H, IH, FV, and XVI is 
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Bapid and apparently involves addition to the double bond C 9 :Cu. The 
initial product is not stable; loss of hydrogen bromide and utilization of 
more than 1 mole of bromine occur even at —50°, and at room temperature 
almost all the bromine taken up is removed as halogen ion in a two-phase 
system of chloroform and aqueous sodium bicarbonate. The instabiUty 
of the bromo derivatives of the “ series is in strong contrast to the 
properties of bromo derivatives from the A“ compounds and furnishes 
evidence for the structure assigned with the double bond CatCu. 

The preparation of steroids with the 3,9-epoxy structure provides 
additional evidence for the configuration of the bile acids. Further study 
of compounds in this series promises to yield contributions of both 
theoretical and practical importance. The use of the dibromo derivative 
(XII) as an intermediate for the preparation of steroids which have an 
atom of oxygen at Cu will be reported in subsequent papers. 

EXPERIMENTAL® 

Alt melting points were taken on the Fisher-Johns apparatus. 

3(oi), 18-Dihydroxy- A^-^^-cholmtc Acid (I) (1, 8) from IV — 846 mg. of 
methyl 3(a)-hydroxy-12-chloro-A®' “-cholenate (F^ were slowly added to 
a solution composed of 15 cc. of methanol, 5 cc. of water, and 5 cc. of 
18 N sodium hydroxide which was heated to 60° and stirred mechanically. 
The crystals of IV dissolved rapidly and after 15 minutes the methanol 
was removed under reduced pressure, the volume was made to about 75 cc. 
by addition of water, 20 cc. of benzene were added, and the solution was 
acidified with 20 cc. of 5 n sulfuric acid. 362 mg. of material which 
separated from the benzene were dissolved in a small volume of methanol 
and recrystallized by addition of benzene. The product melted at 149- 
150°, resolidified, and melted at 193-193°. Crystallized from acetone and 
placed on the block heated to 193° the compound melted at 195-196° and 
did not depress the melting point of 3(a) , 12-dihydroxy-A® • “-cholenic acid. 
Wd = -{'104° ± 2° (30.1 mg. in 3 cc. of methanol). The yield of I 
• (C24H3804*iC6H«) was 44 per cent of the theoretical amoimt. 

Methyl S(a)-Hydroxy-18-methoxy-A^'^^-cholenate (//) (1) from IV — 
Methyl 3(a)-hydroxy-12-chIoro-A®-“-cholenate (IV) is converted to II imder 
the same conditions described for ‘TI from VI.” 

II from V — 100 mg. of methyl 3(a)-hydroxy-12-bromo-A®> “-cholenate 
(V) were added to 4.0 cc. of methanol at 0° and the solution was allowed to 
stand in an ice bath 21 hours. Chipped ice was added; the crystals which 

‘ Some of the compounds described in this paper were analyzed in the laboratory 
of Merck and Company, Inc., Rahway, New Jersey; the remainder was analyzed by 
Mr. William Saschek in the Department of Biochemistry of Columbia University, 
New York. 
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separated (S3 mg.) melted at 156-157“. After recrystallization from 
methanol the product melted at 161—162“ and did not depress the melting 
point of methyl 3(a)-hydro.xy-12-methoxy-A®- “-cholenate. The hydrogen 
bromide in the water was 98 per cent of the theoretical amount. 

II from V — 500 mg. of methyl 3(a)-hydro.xy-12-bromo-A’' “-cholenate 
(VO which contained 0.5 mole of hydrogen bromide of crj'stallization 
were added to 20 cc. of methanol at 0“. 402 mg. (98 per cent of the 
theoretical amount) of material separated after addition of chipped ice. 
The melting point was 160-161“ and there was no depression when the 
sample was melted after admbcture with II. 98 per cent of the theoretical 
amount of hydrobromic acid was in the solution. 

II from VI — A solution of 435 mg. of methyl 3(Q!)-acetoxy-12-chloro- 
A®- “-cholenate (VT) in 1.5 cc. of benzene was cooled to 5“, diluted with 
5 cc. of methanol, and aUow'ed to stand at 5“ for 47 hours. Benzene was 
added, and the organic phase w'as washed with water, dried with sodium 
suKate, and concentrated to dryness under reduced pressure. The residue 
crystallized from methanol to give 160 mg. of product which melted at 
157-158“. An additional 158 mg. which melted at 158-159.5“ were 
obtained by addition of water. After reciystatlization from methanol the 
product melted at 160-162“ and did not depress the melting point of methyl 
3(a)-hydroxy-12-metho.^-A’- “-cholenate. [qId = +131“ ± 2“ (31.0 mg. 
in 3.00 cc. of methanol). 

II from X — ^3,9-Epoxy-A“-cholenic acid is converted to II under the 
conditions described in the following paragraph, since the carboxyl group 
is rapidly esterified in methanol with a trace of mineral acid. 

II from XI — 773 mg. of methyl 3, 9-epoxy- A“-cho]enate (XI) were 
dissolved in 10 cc. of methanol, the solution was cooled to about 15“, and 
0.20 cc. of 5 N hydrochloric acid was added. After the solution had stood 
at room temperature 24 hours, it was seeded with II and diluted with a 
little water. The crystals which separated (712 mg.) melted at 159-160“. 
After recrystallization from methanol the product melted at 162-163“ and 
did not depress the melting point of methyl 3(o()-hydroxy-12-metho:^*- 
A®> “-cholenate (II). 

Methyl 3{a),12-Dihydroxy-A^-^^-cholenate {III) {1, 2) from IV — 845 
mg. of methyl 3(Q!)-hydroxy-12-chloro-A®- “-cholenate (IV), 50 cc. of 
acetone, 20 cc. of water, 290 mg. of silver carbonate, and 25 gm. of glass 
beads were placed in a glass-stoppiered container and the mixture was 
rotated for 17 hours. The silver chloride which formed was 100 per cent 
of the theoretical amount. The filtrate was concentrated under reduced 
pressure to about 25 cc. and cooled in ice. The resulting crystals (788 
mg.) melted at 82-84°, and after two recrystallizations from methanol- 
water, the product (431 mg.), when placed on the melting point apparatus 
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at 95°, melted at 97-98°.® Wlien the product was mixed with a sample of 
III and heated as described, the melting point was not depressed. [a]n 
= +99° ± 2° (28.6 mg. in 3.00 cc. of methanol). 

III from + — 2.34 gm. of methyl 3fa)-hydroxy-12 bromo-A’'“-cholenate 
(V) were treated as described under the preparation of III from IV, and 
the same molar ratio of materials was used. 1.62 gm, of ciystals which 
melted at 82-85° were obtained. After recrystallization from ethyl acetate- 
hgroin and from methanol-water 792 mg. of product were obtained which, 
when placed on the melting point apparatus at 95°, melted at 97-98°* and 
did not depress the melting point of III. [ajj, = +97° ± 2° (32.0 mg. in 
3.00 cc. of methanol). 

MeUiyl 3(a)-Hydroxy-12-chloro-A^’^^-cholenate {IV) from II — A solution 
of 14.00 gm. of methyl 3(a)-hydroxy-12-metho.xy-A®’ “-cholenate (II) (1) 
in 100 cc. of dry, alcohol-free chloroform was cooled in an ice bath and 
saturated with dry hydrogen chloride over a period of 15 minutes. The 
solution was allowed to stand in the ice bath 30 minutes and was then 
concentrated under reduced pressure to about 25 cc. and diluted with 100 cc. 
of petroleum ether.^ The first crop of crystals (m.p. 120-129°) weighed 
12.34 gm.; the second (m.p. 117-122°), 1.16 gm. The analytic sample, 
prepared by recrystallization from absolute ether-petroleum ether, melted 
at 119-124°.® faL = 14q° ± 2° (29.2 mg. in 3.00 cc. of chloroform). 

CjjHjsOiCl. Calculated. C 70.98, H 9.29, Cl 8.38 
Found. " 71.05, “9.47, “ 8.28 

IV from XI — 1.40 gm. of methyl 3,9-epoxy-A“-cholenate (XI) in. 10 
cc. of chloroform were treated in an ice bath with diy hydrogen chloride 
for 15 minutes. After 30 minutes the chloroform was concentrated under 
reduced pressure almost to dryness. Crystals (1.30 gm.) separated after 
addition of petroleum ether. The melting point was 122-124°. A second 
crop of 161 mg. melted at 120-126°.® The product did not depress the 
melting point of methyl 3(a)-hydro.xy-12-chloro-A®' *‘-cholenate which was 
prepared from II. [a]n = +151° ± 2° (30.8 mg. in 3.00 cc. of chloroform). 

IV from XVI — 447 mg. of methyl 3(a)-hydro.xy-12-acetoxy-A®> “- 
cholenate (XVI) (1) were dissolved in 10 cc. of chloroform, the solution was 
cooled to 0°, and 10 cc. of cold concentrated hydrochloric acid were added. 
The mixture was stirred mechanically for 1 hour at 0° and the chloroform 
phase was separated and washed with 10 cc. of concentrated hydrochloric 

• The methyl esters III, IV, V, and VII were difficult to prepare in a form which 
had a constant and sharp melting point. ReciystaUization frequently lowered the 
melting point. The size of the crystals, the rate of heating, and the temperature 
when the sample was placed on the heating block were important factors. 

1 Throughout this paper petroleum ether will designate a commercial product, 
b.p. 40-60°. 
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add. The chloroform solution was dried over sodium sulfate, diluted with 
ligroin,* and concentrated under reduced pressure. Three crops of crj'stals 
separated; 148 mg. which melted at 120-132°, 150 mg. which melted at 
120-138°, 18 mg. which melted at 119-123°. When the first two crops 
were combined and recrystallized from chloroform-ligroin, the product 
melted at 120-124° and did not depress the melting point of IV from II. 
Wn = +148° ± 2° (30.9 mg. in 3.00 cc. of chloroform). ' 

Methyl 3(a)-Hydroxy-12-bromo-A'‘‘ ^'-cholenate (F) from II — solution 
of 12.56 gm. of methyl 3(ot)-hydro.xy-12-methoxy-A®- “-cholenate (II) (1) 
in 75 cc. of chloroform was chilled in an ice bath and a stream of dry 
hydrogen bromide was passed through the solution for 20 minutes. 100 cc. 
of ligroin were added. The solution was concentrated until it became 
turbid and was allowed to stand a few minutes. The first crop of crystals 
(m.p. 136.5-138°) weighed 5.35 gm. By further concentration of the 
solution successive crops of crystals were obtained: 0.94 gm., m.p. 135-137°; 
2.98 gm., m.p. 131-133°; 1.52 gm., m.p. 137-137.5°; 2.94 gm., m.p. 135- 
136°. Treatment of V with methanolic alkali yielded more than the 
theoretical amount of bromide ion and further investigation disclosed the 
fact that the first crop of crystals contained hydrogen bromide in the 
proportion of 2 moles of V with 1 mole of halogen acid, [alo = +205’ ± 2° 
(31.4 mg. of the first crop in 3.00 cc. of chloroform). The analytic 
sample was dried in a vacuum of 0.1 mm. for 6 hours at room temperature. 

C;»HjiOjBr-iHBr. Calculated. C 59.11, H 7.S4, Br 23.60 
Found. “ 59JM, “ 7.69, “ 2328 
" 59A1, “ 7.74 

Later crops of V sometimes separated without hydrogen bromide of 
crystallization. In one experiment the crystals melted at 137-138°; 
however, recrystallization invariably yielded material which melted at a 
lower point and over a wider range. C^HjjOjBr, calculated, Br 17.1, 
found 16.8. [aln = +209° ± 2° (295 mg. in 3 cc. of chloroform). 

V from III — 600 mg. of III in 5 cc. of chloroform treated with hydrogen 
bromide as described in the preceding paragraph gave crystals which melted 
at 135.5-136.5° when placed on the block at 125° and did not depress the 
melting point of V which did not contain hydrobromic acid of crystalliza- 
tion. GaHasO^r, calculated, Br 17.09, found 17.30. [a]„ = +213° i 2° 
(31.3 mg. in 3 cc. of chloroform). 

F from XI — Methyl 3,9-epoxy-A“-cholenate (XI) was converted to 
methyl 3(Q:)-hydroxy-12-bromo-A®' “-cholenate (V) with hydrobromic 
acid under the conditions described for the preparation of the corresponding 
Cu-chloro compound (IV) by treatment of XI with hydrochloric acid. 

* Throughout this paper ligroin will designate a commercial product, b.p. 70-90“. 
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Methyl 3{a)-Acetoxy-12-chloro-b?' ^^-cholenate (VI) from VIII — k solution 
of 4.61 gm. of methyl 3fQ:)-acetoxy-12-methoxy-A^' ”-choIenate (VIII) (1) 
in 50 cc. of dry, alcohol-free chloroform was cooled in an ice bath and 
saturated mth dry hydrogen chloride over a period of 35 minutes. After an 
additional 25 minutes the solution was concentrated under reduced pressure 
to a small volume. The residue, crystallized from petroleum ether, gave a 
92 per cent yield of crude product which melted at 130-135°. The analytic 
sample, which was prepared by crystallization from ethyl acetate-ligroin, 
melted at 137.5-138.5°. Wo = -M54° ± 2° (30.7 mg. in 3.00 cc. of chloro- 
form). 

CjjH,iO*Cl. Calculated. C 69.73, H 8.89, Cl 7.62 
Found. “ 69.62, “ 9.04, “ 7.40 

VI Recovered from Water-Chloroform Mixture — 930 mg. of methyl 3(a)- 
acetoxy-12-chloro-A“ • “-cholenate (VI), 290 mg. of silver carbonate, 20 
cc. of water, 20 cc. of chloroform, and 25 gm. of glass beads were placed 
in a glass-stoppered bottle and rotated for 15 hours. Only 4 per cent of 
the theoretical weight of silver chloride was formed. The chloroform was 
removed imder reduced pressure and 700 mg. of material were recovered by 
addition of petroleum ether. The melting point was 135-136° and the 
compound recovered did not depress the melting point of the starting 
material, [alp = 4-153° ± 2° (29.8 mg. in 3 cc. of chloroform). A second 
crop of 108 mg., m.p. 133-134.5°,*wa3 obtained. 

Methyl S(a)-Aceloxy-12-hydroxy-k^‘ ^'-cholenate {VII) from VI — Methyl 
3(a)'acetoxy-12-chloro-A®' ^‘-cholenate (VI) (930 mg.) was dissolved in 
50 cc. of acetone, and 20 cc. of water, 1.10 gm. of silver carbonate, and 
38 gm. of glass beads were added. The mixture was rotated in a glass- 
stoppered container for 3 hours and was filtered. The silver chloride 
obtained was 98 per cent of the theoretical amount. The filtrate was 
concentrated under reduced pressure to about 10 cc. and the crystals 
which separated were removed and washed with acetone-water 1:1. After 
recrystallization from chloroform-Iigroin, 803 mg. of material which melted 
at 100-102° were obtained. The melting point of the finely ground material 
was 92-95°.® The compound was prepared several times, but the melting 
point was never sharp and frequently was spread over a wide range. [aJn 
= -}-100° ± 2° (29.8 mg. in 3.00 cc. of methanol). 

Methyl 3{a)-Acetoxy-12-keto-A^ • ^^-cholenate {IX) from VII — A solution 
of 446 mg. of methyl 3(a)-acetoxy-12-hyi:oxy-A® • “-cholenate (VII) 
in 10 cc. of acetic acid was mixed at room temperature with 1.66 cc. of 
1.88 N chromic acid in acetic acid. After 30 minutes benzene was added 
and the organic phase was washed with water, Avith a dilute solution of 
sodium bicarbonate, and finally with water. The benzene solution was 
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filtered through sodium sulfate and concentrated to dryness under reduced 
pressure. The residue crystallized from cold methanol to give 353 mg. of 
product which melted at 145-149°. After recrystallization from methanol 
the material melted at 148-149° and did not depress the melting point of 
methyl 3(a)-acetoxy-12-keto-A’'“-cholenate (1, 13, 14, 17). Wo = +103° 
± 2° (30.9 mg. in 3.00 cc. of chloroform). 

3 ,9~Epoxy-A^-cholcnic Acid (Z) jTom I — ^A solution of 20 cc. of 2 n 
hydrogen bromide in 80 per cent acetic acid-20 per cent water was added 
to 10.00 gm. of 3(Qr),12-ihydroxy-A*'“-cholenic acid (I) (1, 2) dissolved 
in 250 cc. of glacial acetic, acid at room temperature. After 6 minutes 

1 liter of chloroform ^vas added and the chloroform solution was washed 
with water xmtil free of acetic acid. The chloroform was removed under 
reduced pressure. The readue was dissolved in ethanol and poured into 
600 cc. of 1 N aqueous solution of sodium hydroxide. The solution was 
concentrated under reduced pressure until aU of the ethanol had been 
removed and was then cooled in an ice bath. The crystals which formed 
were filtered and dissolved in water. The solution was acidified with 
acetic add and extracted with chloroform. The chloroform solution was 
washed free from acetic add with w’ater and concentrated to dryness under 
reduced pressure. Crystallization of the residue from ethanol-wrater gave 
8.21 gm. (86 per cent) of crude material which melted at 151-155°. A 
sample purified by crystallization from methanol-water melted at 157-158°. 
Wd = —57° ± 2° (37.6 mg. in 3.76 cc. of methanol). The molecular 
weight was determined according to the East method (18). Theory, 373; 
found, 344. 

Cj,H„0,. Calculated, C 77AS, H 9.74; found, C 77.23, H 9.76 

3 ,9-Epoxy-A.^-cholenic Acid (X) Recovered Unchanged from. Treatment 
with Acetic Anhydride and Pyridine — A sample of 3,9-epoxy-A'*-cholenic 
add (1.0 gm.) was dissolved in 6 cc. of pyridine and 6 cc. of acetic anhydride 
at room temperature. After 48 hours the addition of ice caused the 
separation of 967 mg. of crystals which melted at 155-156°. After reciystal- 
lization from dilute acetone the material melted at 157-158° and did not 
depress the melting point of 3,9-epoxy-A“-cholenic acid, [alo = —57° ± 
2° (31.1 mg. in 3.00 cc. of methanol). 

Stability of 3, 0-Epoxy-A^-choJenic Acid (,X) in Methanol — [aln = —58° it 

2 (30.7 mg. in 3.00 cc. of methanol). The rotation remained constant for 
48 hours. 

Methyl 3 ,9-Epoxy-A^'-cholenale (Z/) from X — ^A sample of 3,9-epoxy- 
A"-cholenio acid was esterified with an excess of diazomethane in ether. 
The product, crystallized slowly' from cold methanol and water, melted at 
53-54°. [a]n = —59° it 2° (25.0 mg. in 4.00 cc. of chloroform). 
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Ci}H|,0|, Calculated. C 77.67, H 9 91 
Found. «« 78.24,’ » io.2l 
“ 78.08, *< 10.26 
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water and benzene and the organic phase was washed with water, dried 
with sodium sulfate, and concentrated under reduced pressure. The last 
traces of benzene were displaced with acetone. Addition of water to the 
acetone solution cooled in ice caused the separation of 9.33 gm. of material 
which melted at 51-52°. Further dilution with water yielded a second 
crop of 1.17 gm. which melted at 48-50°. [a]o = —52° i 2° (100.4 mg. 
of Crop 1 made to 10 cc. in methanol); (qId = —59° db 2° (101.1 mg. made 
to 10 cc. in chloroform). 

XT from XIII — 30.0 gm. of methyl 3,9-epoxy-ll,12-dibromocholanate 
(Xin) were treated with 30.0 gm. of zinc dust in 350 cc. of methanol in the 
manner described under “XI from XII.” Dilution of the ice-cold acetone 
solution with water gave four crops of crystals: 11.60 gm., m.p. 52-53°; 
5.92 gm., m.p. 53-54°; 1.73 gm., m.p. 53-54?; and 0.320 gm., m.p. 49-53°. 
Wd = —58° zfc 2° (109.7 mg. of Crop 1 made to 10 cc. in chloroform). 

Methyl 3 ,9-Epoxy-ll ,12-dibromochoIanale {XII) from XI — 126 gm. of 
methyl 3(a)-hydroxy-12-methoxj’-A’*‘*-cholenate were converted to methyl 
3,9-epoxy-A“-cholenate (XI) with hydrochloric acid and pjridine as 
described under “FV from II” and “XI from IV.” Without isolation of the 
two intermediate products the crude compound in 300 cc. of dry, alcohol- 
free chloroform was cooled in a dry ice-acetone bath and added to a solution 
of 31 CO. of bromine in 360 cc. of chloroform (also cooled in a dry ice-acetone 
bath) in three portions at 1 minute intervals. The solutions were protected 
from moisture with calcium chloride tubes and after 30 minutes the excess 
bromine was removed by pouring the chloroform solution into 2 liters of 
water which contained 53 gm. of sodium bicarbonate and 53 gm. of sodium 
sulfite. The mixture was stirred for 30 minutes. The organic phase was 
separated, washed with water, and filtered through anhydrous sodimn 
sulfate. Titration of the aqueous phase indicated that 100.5 per cent of 
the theoretical amount of bromine had been consumed. The filtrate was 
concentrated under reduced pressure to 235 cc., the temperature was 
adjusted to 25°, and 750 cc. of methanol were added slowly while the flaslr 
was shaken. After 20 minutes the solution was filtered and the crystals 
were washed with methanol. 101.4 gm. of material which melted at 
142.5-143° were obtained. [a]o = -{-45° it 2° (40.0 mg. in 4.00 cc. of 
chloroform). 

C:jH,,0,Br;. Calculated, C 54.95, H 7.01 ; found, C 54.77, H 7.11 

XII Recovered from Excess Chromic Add — 546 mg. (0.0010 mole) of 
methyl 3,9-epoxy-ll,12-dibromocholan3te (XU) were dissolved in 10 cc. 
of chloroform and 12 cc. of acetic add which contained 4 cc. of 1 N chromic 
add. After 2 hours chloroform and water were added and the organic 
phase was washed wfith water, with dilute sodium carbonate solution, 
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and finally with water. The aqueous phase contained 2.7 cc. of 1 n chromic 
acid. The chloroform solution was dried and concentrated to dryness 
under reduced pressure. The residue crystallized from ether-methanol 
to give 336 mg. of material which melted at 138-141°. After recrystalliza- 
tion from ether-methanol the product melted at 142.5-143° and did not 
depress the melting point of XII. 

Methyl S ,9-Epoxy-ll ,12-dibromocholanaic (XIII) from XI — 15.8 gm. of 
material which crystallized from the mother liquor after separation of the 
dibromide (XII) (see “XII from XI”) melted at 115-120° and a final crop, 
after concentration of the solution (21.1 gm.), melted at 98-108°. After 
several recrystallizations of the combined crops from ether-methanol the 
product melted at 123-123.5°. [a]o = -1-20° it 2° (31.1 mg. in 3.00 cc. of 
chloroform). 

CssHuOjBrj. Calculated, C &1.95, H 7.01; found, C 55.11, H 7.10 

S ,9-11 ,12-Diepoxycholanic Acid (XIV) from X — 2.88 cc. of 0.80 n 
perbenzoic acid (1.15 moles) in chloroform were added to 370 mg. of 3,9- 
epoxy-A”-cholenic acid (X) in 2 cc. of chloroform at 0°. After 24 hours at 
5° 96 per cent of 1 mole of perbenzoic acid had been consumed. The 
chloroform solution was washed with a dilute solution of potassium iodide 
and sodium thiosulfate, and then tvith water. The solvent was removed 
under reduced pressure and the residue was separated in two crops from 
ether-ligroin. 208 mg. melted at 173-174°; 26 mg. melted at 165-168°. 
A sample purified by crystallization from ether-ligroin melted at 177-177.5°. 
[«]d .= 4-23° db 2° (30.7 mg. in 3.00 cc. of methanol); Wd = 4-14° db 2° 
(32.2 mg. in 3.00 cc. of chloroform). 

Cj,H, 60<. Calculated, C 74.19, H 9.34 
Found. » 74.52, “ 9.36 
“ 74.57, " 9.48 

For comparison Avith the epimeric 11,12-epo.xide see “XXVII from 
XXVI.” 

Methyl 3 ,9-11 ,12-Diej)oxycholanate (XF) from XIV — 220 mg. of 3, fi- 
ll, 12-diepoxycholam'c acid (XIV) were esterified rvith a solution of diazo- 
methane in ether. The ester which crystalh'zed from dilute methanol 
weighed 203 mg. and melted at 92.5-93.5°. [aJo = -1-16° ± 2° (30.4 mg. in 
3.00 cc. of chloroform). 

CijHjaOi. Calculated, C 74.59, H 9.51; found, C 74.68, H 9.60 

For comparison with the methyl ester of the epimeric 11,12-epoxide 
see “XXVIII from XXVII.” 

Methyl 3(a)-Hydroxy-12-acetoxy-A^’ ^^-cholenafe (XVI) (1) from XI — 772 
mg. of methyl 3,9-epoxy-A“-choIenate (XI) were dissolved in 20 cc. of 
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acetic add and 0.66 cc. of 5 N aqueous sulfuric add was added at room 
temperature. After 2 hours the reaction, mi.xture was distributed between 
water and benzene and the organic phase was washed with water, with 
dilute sodium carbonate solution, and finally mth water. The solvent 
was removed under reduced pressure and the residue was crystallized from 
ligroin to give 308 mg. of material which melted at 107-108° and did not 
depress the melting point of X\T prepared from II (1). [a]n = + 195° 
± 2° (30.0 mg. in 3 cc. of chloroform). 

3(.a)-Hydroxy-A^-^^-cholenic Acid (XVII) from X— 7.44 gm. of 3,9- 
epoxy-A“-cholenic add (X) in 75 cc. of acetic add were reduced with 
hydrogen in the presence of 100 mg. of Adams’ platinum oxide catalyst. 
After 10 minutes 101 p)er cent and after 16 minutes 110 per cent of 1 molar 
equivalent of hydrogen had been utilized. The platinum was filtered from 
solution and 100 cc. of water were added to the acetic acid solution. The 
product which separated (7.29 gm.) was washed with 50 per cent acetic 
add, dried, and dissolved in 200 cc. of a hot 1 : 1 mixture of acetone and 
benzene. 5.64 gm. of crystalline material separated after the solution 
had stood at 5° for several hours. The melting point was 187.5-188.5°. 
Wd = +45° ± 2° (30.6 mg. in 3 cc. of methanol). 

The cholenic add XVII has been repeatedly studied. It has been 
encountered as the reduction product of n. III, XI, and XVI. Prepared 
fromll, 

CjiHjsO,. Calculated. C 76.&1, H 10.23 
Found. “ 76.93, “ lOAl 
“ 76.63, “ 10A2 

Five derivatives of XVII have been made; lithocholic add and its methyl 
ester and compounds XVIII, XEX, and XX, which are described in the 
following paragraphs. The methyl ester XVIII was hydrolyzed to give 
XVII which melted at 190-191° (13, 14). 

Lithocholic Acid and Methyl LUhocholate from S{a)-Hydroxy-A^- 
cholenic Acid {XVII) — 500 mg. of 3(a)-hydroxy-A® ■ "-cholenic acid (XVII) 
m 20 cc. of glacial acetic acid were shaken in an atmosphere of hydrogen 
with 100 mg. of Adams’ platinum oxide catalyst for 18 hours. The 
platinum was filtered off. 100 mg. of fresh catalyst were added and the 
reduction was continued for 6.5 hours. The platinum was once more re- 
placed with 100 mg. of fresh catals^ and the reduction was continued for 14 
hours. The platiniun w^as filtered from solution. The filtrate, diluted with 
water, gave 480 mg. of material which melted at 174^-178°. Two recrystal- 
lizations yielded 247 mg. of crystals which melted at 185—187°. The acid 
was esterified with diazomethane; 202 mg. of ester were obtained by 
crystallization from ligroin. After several crystallizations from dilute 
methanol the ester melted at 128-129° and did not depress the melting 
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point of methyl lithocholate (12, 15, 16) 
-J.OOcc. of methanol). 


Wd = +35“ ±2“ (25.7 mg. in 


C„n„0,. Calculated. C 76.87. H lO.&l; found. C 77.01, H 11.26 

ethyl 3{a)-Hijdroxy-A'^>^^.cholenatc (XVIII) from XVTT-ao^ 

Table I 

Production of Compound XVIII from Compound XI 



• Absolute alcohol free of aldehyde 
t ^ per cent ethanol free of aldehyde. 

+ 1 CC. of ECGtic &cid Wa«i +« tt* 

(Experiment. 9A). xpenment 9 and the reduction was continued 

0 AfSrT houtrS minutes 

equivalent of lithocholic acid was addecT*****^ ‘’•® 

the melting point was 105-10.5 5° 

glass whea scratched and melted' again ril^lTs" m °°7a 

sample was allowed to cool to 108° LT,, ^ 

fonned melted at 112-113° When tb scratched, the crystals which 
than 100° and was then scratched thV^? 

105-105.6° (14). [«]„ = + 46 ° ' „ /90 7 ^ formed melted at 

i«Ja +46 ±2 (29.7 mg. in 3.00 CC. of methanol). 

CjsH.oOj. Calculated, C 77.27 H in tjo <■ j ^ 

. n 10 . 38 ; found, C 77.48, H 10.42 

mately 20 cc, of 95 per c^t ethanol, ..def^de.S,r ^ 
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■which permitted -vigorous agitation. Basic and acidic mediums were 
provided by the addition of ethylmorpholine, acetic acid, or lithocholic 
add in the amounts indicated in Table I. The time required for the 
reduction is recorded in the next to the last column. In each experiment 
of less than 3 hours duration, the uptake of hydrogen had stopped at least 
15 minutes before the experiment -was terminated. 

Catalytic Reduction of S ,9-Epoxy'6.^'-cholenic Acid (Z) — Under conditions 
identical ■with those described imder catalytic reduction of XT in the 
preceding paragraph the epoxj'- acid X was treated in 95 per cent ethanol, 
aldehyde-free. The results are shown in Table II. 

Methyl 3la)-Hydroxy-A'>-^^-cholenate {XV HI) from X/— 3.S6 gm. of 
methyl 3, Q-epoxy-A^'-cholenate were reduced with hydrogen and 200 mg. of 
Adams’ platinum oxide in a solution of SO cc. of ethanol -which contained 
1 cc. of acetic acid (see Table I). 102 per cent of the theoretical amount 

Table II 


Effect of Ethylmorpholine on Viilizalian of Bydrogen 


EipfttiatniKo. 

Ett^hnorphoUne 

1 Tiae 

Per ceatof 1 ciale oC Ht 

1 

mil 

0 

1 4 hr3., 6 min. 

S8 

o 


1 16 '• 10 “ 

0 

3» 

I 1.0 

I “ 

87 


• Instead of compound X, methyl 3(a)-hydroxy-an-cholenate (12, 19) tvaa used 
to show that ethylmorpholine did not poison the platinum catalyst and did not pre- 
vent absorption of hydrogen by (he double bond CatCu- 


of hydrogen was absorbed in 7 minutes. After removal of the platinum 
Wo = -}-44° i 2“ (a = -1-2.9°; volume 59 cc.) for the reduced material. 
Wo of XVII = -1-46° ± 2° (30.1 mg. in 3 cc. of ethanol which contained 
2 per cent of acetic acid). 

Methyl 3{a)-Acetoxy-A^’^-cholenate (XIX) from XVIII — The acetosyl 
derivative of XVIIl is more easily purified than is the 3(o£)-hydroxy com- 
pound and for separation of the reduced material obtained in the preceding 
paragraph the product was acetylated. The solvents -were removed under 
reduced pressure and the last traces were displaced -with a small amount 
of acetic anhydride which was also removed. The residue was dissolved 
m 5 cc. of acetic anhydride and 5 cc. of pyridine at room temperature. 
After 18 hours benzene was added and the organic phase was washed -with 
dilute hydrochloric acid and with water. The benzene was removed under 
reduced pressure and the residue was dissolved in 100 cc. of boiling methanol. 
After the solution was cooled in ice, 3.46 gm. of crystals were separated, m.p. 
135-136°. Eeciystallization gave 3.1 gm. of material which melted at 









588 


STEROIDS FROM BILE ACIDS. IV 


136.6-137° When a sample was mixed wth a sample of methvl V ^ 

melting point was 136.6-137.5° (14) [a] 
A / 7 J ^ total volume 10 cc.). 

il/e%Z 3(a)-Acetoxij-A^.^Kcholenate (XIX) (U) froin XVII~ 5 Q m 

thp ^ hydrogen chloride. After 18 hours at room temperature 

i^ benign reduced pressure, the residue was Solved 

moved under reduced pressure and the residue was dissolved in 10 cc 
of benzene, 25 cc. of pyridine, and 25 cc. of acetic anhydride at room 

hMonT T f Mrochloric acid, ^vith a dilute sodium 

uSr The solvent was removed 

under reduced pressure and the residue, ciystallized from acetone, gave 

from?rpf»?^ matenal which melted at 135-136°. After reciystallization 

( 9 (U) product melted at 136.5-137.5°. [«]„ = +57° ± 2° 

(20.0 mg. m 4.00 cc. of chloroform). 

C„H„ 04 . Calculated, C 75.30, H 9.83; found, C 75.24, H 9.70 

of X7/7-2.77 gm. 

form IS f t® 116 cc. of chloro- 

14 hour-? nt molar equivalents of perbenzoic acid. After 

cal ar^m.n5 Tif ^®ld Consumed was 78 per cent of the theoreti- 

iodidp nnd J. ® with a dilute solution of potassium 

evtoraS ll“®^ate, and with water. The chlorofonn was 

tions from d‘i ^°®®f reduced pressure. After two recrystalliza- 

Xr rPn^aS methanol the product (819 mg.) melted at 165-167°. 
which mpltpd benzene, a product was obtained 

■ '»>• - =t 2” (32.9 n.g. in S.OOcc. ot 


CkHjbO^. Calculated. 
Found. 


gm. of 3,9- 
of acetic acid 


C 73.81, H 9.81 
" 74.33, » 9.88 
“ 74.27, ” 10.11 

Methyl 3 ,lS-Diketo-A^-^^-cholenale (XXI) from X— 1 0 
epoxy-A»-cholenic acid (X) in 5 or J .hi / " 

wnq trpdtpd -nntv, 10 r o ehlorofoim and 5 cc. oi acetic acia 

nnd f If °1 2 N chromic acid for 30 minutes in an ice bath 

and for 5 hours at room temperature. Chloroform was added and the 
orgamc phase was washed ^th water and concentrated to a dry residue 
Spr aStbpST"^' material was treated with diazomethane in 
wS ThP ff "" "'a^eci with dilute hydrochloric acid and ivith 

r^f;pd fn educed pressure and the residue was 

dissolved in 100 cc. of a mixture of benzene-petroleum ether (2:1) and 
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fractionated on a column of 30 gm. of aluminum oxide. Elution of frac- 
tions with mixtures of benzene and petroleum ether and later with benzene 
removed 392 mg., which were not identified. Eurther elution with benzene 
and with benzene whidr contained 0.10 per cent methanol removed 370 mg. 
of material from which 93 mg. were separated by crystallization from 
ligroin. The product melted at 128-129.5° and <fid not depress the melting 
point of methyl 3,12-diketo-A*' “-cholenate (1, 2, 14). [a]a = 4-63° ± 2° 
(27.5 mg. in 4 cc. of chloroform). For XXI from II see Paper III of this 
series (1). 

Melhyl S-Keto-lS-hydroxy-A'^' ^^-cholenate (XXIII) from XXII — 3.73 
gm. of 3-keto-I2'hydro.xy'A“> “-cholenic acid (XXII) (1) were esterified 
with a solution of diazomethane in ether which contained a few drops of 
methanol. The ether solution was washed with dilute acetic add, with 
dilute potassium hydroxide solution, and with water. The ether was 
removed under reduced pressure and the residue was crystallized from 
ligroin. 3.5 gra, of material melted at 157-159°; 0.60 gm. melted at 
154-157°. After several recrystallizations from benzene-petroleum ether 
the ester melted at 161-161.5°. [«}n = -f70° ± 2° (31.6 mg. in 3.00 cc. 
of chloroform). 

CilEuOi. Calculated. C 74-59, H 9A1; found, C 74.40, H 9ZJ1 

XXIII from XXIV — 465 mg. of methyl 3-keto-12-bromo-A®' “-cholenate 
(XXIV) in 20 cc. of acetone were diluted with 20 cc. of 0.1 x aqueous 
solution of alver nitrate at room temperature. After 2 hours the silver 
bromide wMch separated (99 per cent of the theoretical amount) was 
removed by filtration and the acetone was removed vmder reduced pressure. 
The water-insoluble residue was dissolved in benzene, the organic phase 
was washed with water, and the solvent was removed under reduced 
pressure. Addition of a small volume of ligroin gave 365 mg. (90.5 per 
cent) of crystals which melted at 156.6-157.5° and did not depress the 
melting point of methyl 3-keto-12-hydroxy-A’''^-cholenate (1). [a}o = 
+70° ± 2° (30.1 mg. in 3 cc. of chloroform). 

Methyl S-Kelo-lS-bronw-I^^'^^-cholenate (XXIV) from XXIII — A stream 
of dry hydrogen bromide was passed into an ice-cold solution of 604 mg. 
of methyl 3-keto-12-hydroxy-A’’”-cholenate (XXIII) in 25 cc. of dry, 
alcohol-free chloroform during 15 minutes. After an additional 15 minutes, 
the chloroform solution was washed with water, dried with sodium sulfate, 
and concentrated under reduced pressure almost to dryness. On addition 
of a small volume of h'groln 513 mg. of crystals formed which melted at 
137-138°. [ot]n = +182° =b 2° (31.9 mg. in 3.00 cc. of chloroform). The 
compound decomposed on long standing at room temperature. For anaiy- 
m see the following paragraph. 
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(1) i. 50 CO. or ™ 

C,JI,oO,Br. Calculated. C 6-1.50, H 8.01; found, C 64.60. H 8.09 

The solvent and the solution was refluxed for 1 minute. 

ciwstaS fZ the residue 

product (52 mg.) meltld a? *''' 

of methvi ^ Voir. 1 o u depress the melting point 

melwT thfh^^ ^ interval at the boiling point of 

Ter cenf 1 ivith metho.xyI even at 0“. 40 

XXIV was distifilv ® found as hydrobromic acid 23 hours after 

y methanol and held at 0°. 

of chlorofor^ wh' ^^ier-Chloroform — 15 cc. of water and 15 cc. 

aqueous nhn..P <r.L \ » reflux for 1 hour. The 

Sri sTi « I “ ‘"“y '"‘h “‘rate. 

of m2ri Si f;T iXXV) from XXIV-m mg. 

solution of 170 1 (XXIV) were dissolved in a 
I?ure ^ter 3^,° f 20 cc. of methanol at room temper- 

cent of the theorptinn^ bromide (80 mg., which was 99 per 

was concentrated to a ^Xvol^e “ethanol solution 
water. Ciystals formed slowlv aJ? “ 
methanol the product (50 mg.) 4lteTat%rKnd'd‘?'' fT 

107 ^ ^ f ' ’, ^^'■^^■°'^®^®t''^^-5roMwc5o(onote (XXViy from XII— 

colutiou waa reduaed for 3 bourn. The ao.veut ttmo^ed Itomductd 

“ The reason for the formulation with thp nnaimrr, i r. 

in Paper V of this series. aceto.xyl group at Cu will be presented 
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pressure aad the readue waa distributed between benzene and water. The 
organic phase was washed with water, with a sodium bicarbonate solution, 
and again with water, and was dried with sodium sulfate. The aqueous 
phase contained the theoretical amount of bromide ion for 1 equiva- 
lent. The benzene was concentrated under reduced pressure to a 
small volume and the remmning solvent was displaced with acetone. 
The readue was crystallized from acetone-water and gave 159 gm. of 
material which melted at 133.5-13-1°, and 12.5 gm. which melted at 
131.5-132.5°. [«]o = -M7° ± 2° (20.0 mg. in 4.00 cc. of chloroform). 

CiiH^iOiBr. Calculated, C 61.70, H 7.86; found, C 61.83, H 7.93 

3.9- 11 ,12-Diepoxycholanic Acid (XXVII) from XXVI — 171,5 gm. of 
methyl 3,9-eposy-ll-acetosy-12-bromocholanate (XX VT) were added to 
3250 cc. of 1 N methanolic sodium hydro.ride and the solution was boiled 
under a reflux for 3 hours. The methanol was removed imder reduced 
pressure until crystals formed. About 3 liters of water were added and 
the solution was concentrated until crystals formed. About 2.5 liters of 
benzene were added, and the solution was acidified with acetic add and 
separated into two phases. The aqueous phase was extracted wit h benzen e. 
The combined benzene extracts were washed with water, dried with sodium 
suKate, and concentrated under reduced pressure to a small volume. The 
readue, crystallized from acetone, gave 100.0 gm. of material which melted 
at 181-182°. Two additional crops were obtained (18.4 gm., m.p. ISO- 
181°; 6.7 gm., m.p. 179-180°) by dilution of the filtrate with water, to 
bring the total yield to 99 per cent of the theoretical amount. [orJo = -rl4° 
± 2° (20.0 mg. in 4 cc. of chloroform). 

C,4H„0,. Calculated, C 74.19, H 9.34; found, C 74.48, H 9.20 

The melting point of a mixture of XXVII and its epimer XTV was depressed 
to 170-173°. 

-Jfelhyl 3,9-11 ,13-Diepoxycholanate (XXVIII) from XXVII— 3S8 mg. 
of 3,9-11, 12-diepoxycholanic add (XXVII) were esterified with diazo- 
methaue in ether. The ester, crystallized from methanol-water, weighed 
350 mg., and melted at 80-81°. [ct]n = +16° + 2° (31.9 mg. in 3.00 cc. 
of chloroform). 

CjiHj.O,. Calculated, C 74.59, H 9.51; found, C 74.75, H 9.33 

Contrary to the eSect on the melting point when the epimeric adds 
XIV and XXVII were mixed, the melting point of XXVIII when mixed 
with XV was not depressed. 

3.9- Epoxy-ll ,13-dihydroxydiolanic Acid (M.p. 2.(0°) (XXIX) from 
^^VII — 62 gm. of 3,9-11,12-diepoxycholanio add {XXVII) were 
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dissolved in 1240 cc. of glacial acetic acid which was 0.01 n with sulfuric 
acid. After 85 minutes at room temperature 2 gm. of sodium acetate were 
added and the solvent was removed under reduced pressure. The residue 
was distributed between benzene and water and the organic phase was 
washed with water to remove the acetic acid. The bulk of the benzene 
was removed under reduced pressure and the remainder was displaced 
with methanol. The residue was dissolved in 300 cc. of methanol, 760 cc. 
of 2.5 N aqueous solution of sodium hydroxide were added, and the solution 
was refluxed for 15 hours. The solution was concentrated under reduced 
pressure to about 500 cc. to remove the methanol. About 2.5 liters of 
water and 500 cc. of benzene were added, and while being stirred mechani- 
cally the solution was acidified with 130 cc. of acetic acid. The crystals 
which formed were collected and washed with water and benzene. 27.55 
gm. of material (42.5 per cent) which melted at 229-232° were obtained. 
A sample prepared by recrystallization from acetone-water melted at 
259-240°. [a]o = -b59° ± 2° (33.5 mg. in 4.00 cc. of methanol). 

CjAIsjOs. Calculated, C 70.90, H 9.42; found, C 70.84, H 9.40 

Methxjl 3 ,9-Epoxy-ll ,12-dihydroxycholanate (XXX) from XXIX— 
406 mg. of 3,9-epoxy-ll,12-dihydroxycholanic acid (XXIX) were esteri' 
fied -with a solution of diazomethane in ether and the ester was crystalBzed 
from methanol-water. 400 mg. which melted at 104-105° were obtained. 
[c«]d = +59° dz 2° (31.5 mg. in 3.00 cc. of methanol). 

CjjHioOs. Calculated, C 71.39, H 9.59; found, C 71.34, H 9.76 

3 .9 - Epoxy-11 ,12-dihydroxycholanic Acid (M.p. U9°) (XXXI) from 
XXVII — Separation of the glycol (m.p. 149°) was accomplished by con- 
centration of the benzene solution described under “XXIX from XXVII’’ 
from which 27.55 gm. of glycol XXIX had been separated. Petroleum 
ether was added to the benzene solution at a volume of 80 cc. 26.65 gm. 
(41 per cent) of material which melted at 143-145° were obtained. Re- 
cry^stallization from ethyl acetate-petroleum ether raised the meltingpoint 
to 149-149.5°. [alx, = +49° ± 2° (32.2 mg. in 3.00 cc. of methanol). 

CjiHjsOis. Calculated, C 70.90, H 9.42; found, C 70.58, H 9.13 

3 .9- Epoxy-ll ,12-diketocholanic Add (XXXII) from XXIX — 149.0 cc. 
of 1.88 N chromic acid in 95 per cent acetic acid were added drop wise over 
a period of 45 minutes to 27.2 gm. of 3,9-epo.xy-ll, 12-dihydro.xycholanic 
acid (XXIX) in 1500 cc. of acetic acid. The solution was maintained at 
18-20° and stirred for about 3.5 hours. A slight excess of sodium sulfite 
was added and the solvent was removed under reduced pressure. The 
residue was distributed between benzene and water and the benzene solu- 
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tion was washed with water, filtered through sodium sulfate, and concentra- 
ted to dryness under reduced pressure. The residue crystallized from 
dilute methanol to give 14.4 gm. of product which melted at 168-170°. 
The 14.4 gm. of acid were reoxidized in a similar manner in 337 cc. of acetic 
add with 19 cc. of 1.88 N chromic add in 95 per cent acetic add. After 
crystallization from methanol-water the product (11.03 gm.) melted at 
191-193°, The 11.03 gm. of add were again o.xidized in 260 cc. of acetic 
acid with 14,6 cc. of 1.88 n chromic add in 95 per cent acetic add. 9.44 
gm. of crystalline material which melted at 203-204.5° were obtained.^” 
When the mother liquors were combined and reoxidized, the over-all yield 
was raised to 41 per cent. After several recrystalJizations from methanol- 
water the compound melted at 204.5-205°. [a]o — -M89° ± 2° (31.8 mg. 
in 3.00 cc. of methanol). 

C„H„ 04 . Calculated, C 71.61, H 8.51; found, C 71.59, H 8.5i 

XXXII from XXXI — 2.9 gm. of 3,9-epo.xy-ll,12-dihydroxycholanic 
add (XXXI) were oxidized in a manner similar to that described under 
“XXXII from XXTX." 0.56 gm. (27 per cent yield) of product was 
obtained. The product melted at 203.5-204' and did not depress the melt- 
ing point of 3 , 9-epo.X}^-l 1 , 12-diketocholanic add which was prepared from 
the higher melting glycol (XXIX). lain = -1-184° ± 2° (30.4 mg. in 3.00 
cc, of methanol). 

Methyl 3,9-Epoxy-n,12-diketocholanate (XXXIII) from XXXII— 
403 mg. of 3, 9-epo.xy-ll, 12-diketocholanic add (XXiffl) were esteiified 
with a solution of diazomethane in ether; 370 mg. of ester were cr^allized 
from methanol-water. The analytic sample melted at 115-115.5° and was 
pale yellow. [aL = -M84° ± 2° (30.2 mg. in 3.00 cc. of methanol). 

Calculated, C 72.08, H 8.71 ; found, C 71.72, H 8.45 

Effect of Bromine on DerivcUvies of Methyl ^•Chalenate and Methyl 
tiB-Cholenate — ^The compounds were dissolved in chloroform at —50°. 
The volume varied between 20 and 40 cc., depending on the wdght of 
material. An excess of powdered zinc acetate was added and the chloro- 
fonn solution was stirred mechanically. 2 molar equivalents of bromine 
dissolved in chloroform and cooled to —50° were added in one portion, 
ptilization of bromine was followed by titration of the unused halogen at 
intervals for 30 minutes. Alcohol saturated with sulfur dioxide was added 
to reduce the remaining bromine. The chloroform solution was washed 
with water and then placed in a glass-stoppered container with an equal 
volume of sodium bicarbonate solution. The mixture was rotated for 

*" It was found that the most satisfactory way to purify the diketone was through 
repeated oxidations. 
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about 18 hours and the halogen in the aqueous phase was determined. 
Table III shows the bromine absorbed, the total halogen ion, which is the 
sum of the amount in the water and that removed by the sodium bicarbon- 
ate solution, and the possible yield of a dibromo compound expressed in 
percentage. The position of the double bond is known in the two com- 
pounds with a ketone group at C 12 ; the absorption spectrum with a maxi- 
mum at 240 m;t shows the presence of an a , j8-unsaturated ketone. It is in- 
teresting to note that treatment of these compounds with the double bond 


Table III 


Addition of Bromine to Derivatives of Methyl A*'- atid of A’- ^^-Cholenale 


Compound 

Compound 

No,* 

Amount' 
of com* 
pound 
uied 

Bro- ; 
mine : 
addedi 
1.0 H 

Bro- 
mine ' 
utilized 
alter ' 
3 min., 
1.0 H 1 

Bro- 
mine 
utilized 
niter 
3Q min., 
l.Q» 

Bro- 
mide ' 
ion in 
aqueous' 
phase, 
1.0 n 

Or- ! 
^ic : 
oro- 1 
mide, i 
1.0 N 1 

Possi- 
ble 
yield 
for di- 
bromo 
com- 
pound 




au 

cc. 

ec. 

cc. 

cc. 

CC, 

Per 

cent 

Methyl A“-oho- 

3(a)-Hy- 

(11. 19) 

2.5 

10,2 

5.1 

5.4 

5.8 

4.4 

88 

lenate 

dro.xy 

3,9-Epoxy 

XI 

2.5 

10.2 

2 . 9 , 

5.0 

5.3 

4.9 

98 

Methyl 3(a)- 

0=0 

(1, 14) 

10.0 

40.0 

0.6 

1.5 

39.0 

ilil 

5 

hydroxy-A’*“- 

o=ot 

IX 

10.0 

39.3 

0.3 

0.8 

38.4 

0.9 

5 

cholenate; 

CH, 

XVIII 

5.0 

19.5 

17.7 

18.2 

15.6 

3.9 

39t 

substituent 

CHOH 

III 

2.6 

10.0 

i 6.9 

6.9 

9.6 

0.4 

8 

at Cn 

CHOCK, 

II 

10.0 

40.0 

1 22.5 

22.6 

38.4 

1.6 

8 


CHOAo 

XVI 

2.5 

10.1 

I 2.7 

2.7 

9.5 

0.6 

12 


CHCl 1 

IV 

2.0 

8.0 

3.0 

5.0 

9.3 


12 


• The figures in parentheses denote bibliographic references. 

1 3(a)-Acetoxy. 

} Although the indicated yield of a dibromo derivative is 39 per cent, the high 
utilization of bromine (91 per cent of 2 moles) shows that bromine caused a deep 
seated change and did not form a stable dibromo addition product. 


known to be Cg:Cu simulates the treatment with bromine of the other 
compounds in the series. 

In addition to the determination of the halogen removed by aqueous 
bicarbonate, the chloroform was removed and the residue was dissolved 
in methanol. All derivatives of A** “-cholenic acid rapidly decomposed to 
give brown tarry products. The two derivatives of A^-cholenic acid gave 
crystalline dibromo adchtion products which were stable under the condi- 
tions of the experiment. 


SUMMARY 

1. Derivatives of 3(a)-hydroxy-A®*“-cholenio acid mth Cu-hydroxyl, 
methoxyl, or acetoxyl groups are readily converted into Cu-halo compounds 
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by treatment with halogen acid. These compoimds e.'shibit the usual 
properties of allylic halides. In strong sodium hydroxide and in aqueous 
solution of acetone in the presence of silver salts the halogen at Cu is 
replaced to give the 3(a), 12-dihydroxy compound. 

2. In anhydrous non-polar solvents the halogen at Cu is stable but in 
the presence of water or pyridine halogen acid is removed and a six-mem- 
bered cyclic ether between carbons 3 and 9 is formed, with a shift of the 
doubhbond to CniCu- 

3. Halogen acid opens the 3,9-epoxide to give the 3(a)-hydro:g^-12- 
halo-A’-“ compounds; with methanol and a trace of mineral acid the 
3(a)-hydroxy-12-methoxy-A’ • “ structure is obtained, and in acetic acid a 
trace of mineral acid gives the 3(o)-hydroxy-12-acetoxj^-A’' “ compoimd. 
The presence of the double bond CuiCu is shown by formation of an oxide 
and dibromo derivatives. 

4. From methyl 3, 9-epoxy- A“-cholenate two epimeric 11,12-oxides 
have been prepared. One of these oxides is easily opened in acetic acid 
with a trace of mineral acid to ^ve two of the four possible 3 ,9-epoxy-ll , 12- 
glycols. With chromic add both of these glycols give the 3,9-epoxy- 
11, 12-diketone. 

5. Derivatives of A’- "-cholenic acid with halogen at Cu and an acylo.xyl 
group or a ketone at Cj do not form the 3,9-epo:^’ structure. Removal 
of halogen acid results in formation of a diene. 

6. Catalytic reduction' of 3,9-epoxj--A‘*-cholenic acid with hydrogen 
and platinum gives 3(a)-hyclro.xy-A’- “-cholenic add. 

7. Treatment of this series of compounds with bromine indicates the 
position of the double bond. Compounds with double bonds CsiCu 
absorb 1 or more moles of bromine which are almost completely removed in 
a mi.xture of chloroform and sodium bicarbonate. Compounds with a 
double bond Cu'.Cu add 1 mole of bromine to give dibromo derivatives in 
which the halogen is stable to sodium bicarbonate. 

8. Construction of Stuart models shows that the cyclic ether in 3,9- 
epoxy-A'i-cholenic acid can be formed ivithout distortion if the Rings A and 
B have a cis arrangement, as in cis-decalin, and if the hydroxyl group at Cj 
is a; that is, on the side of the molecule opposite the methyl group at Cio- 
Formation of the 3,9-epo:y compound is good confirmation for the con- 
figuration previously assigned for the structure of the bile acids. 
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A DrETARY FACTOR ESSENTIAL FOR GUINEA PIGS* 

vm. THE ISOLATION OF THE ANTKTIFFNESS FACTOR 
FROM CANE JUICE 

Bt WILLEM J. V.UJ WAGTENDONK and ROSALIND WULZEN 

(From the Dsparlmenl of ChemUlty and the Department of Zoology, 

Oregon Stale College, CorcaUis) 

(Received for publication, April 23, 1916) 

The existence of a fat-soluble dietary factor essential for guinea pig 
nutrition was well established through investigations by Wulzen and 
Bahis (1-3) and has been confirmed by Anderson and Caldwell.* The 
isolation of a highly active fraction from raw cream, capable of alleviating 
an induced stiffness in guinea pi^, was described by van Wagtendonk and 
Wulzen (4). It seems apparent from physiolo^cal studies that the factor 
has a regulatory effect on the phosphorus metabolism. One of the most 
prominent changes found was a sharp decrease in the easily hydrolyzable 
phosphorus fraction in the liver and kidneys during the deficiency. This 
fraction responded immediately to the administration of the antistiffness 
factor to deficient animals in that the values returned to normal after a 
short time of treatment (5). Similar changes were observed in the con- 
centration of the acid-soluble phosphorus in the muscle. The concen- 
trations of creatine phosphate and adenosine tri- and diphosphate are 
lower in the deficient animal (6). As a result of the deranged phosphorus 
metabolism other, probably secondary, changes are (1) an increase in the 
concentration of inorganic phosphorus and calcium in the blood, (2) an 
increase in calcium in the body tissues (7), and (3) an abnormal distri- 
bution of the protein nitrogen in the blood (8). 

Only 3 mg. of an oil, ciuative in a 0.1 7 dosage, were obtained from 
55 gallons of raw cream (4). Since much larger amounts of raw cream 
would have been needed for a successfid isolation of the antistiffness factor, 
it was decided to test other possible sources of raw material for the presence 
of this factor. It was found that crude cane molasses and crude unheated 
cane juice were good sources of the factor, the latter being around 100 
times as active. Due to the unavdJability of crude cane juice, cane mo- 
lasses was first used for the extraction of the factor. Later cane juice 
became available and was used exclusively. 

* Supported by grants from the WlHiams-Waterman Fund of the Research Corpo- 
ration and from the General Research Council of the Oregon State System of Higher 
Education. 

* Anderson, C. A., and Caldwell, A. L., in press. 
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We were able to extract and purify a crystalline compound which in a 
daily dose of 0.002 7 would relieve the stiffness induced by the skim milk 
diet in 5 days. The low level of the easily hydrolyzable phosphorus 
returned to normal values in the same time. 

EXPEBIMENTAL 

Method of Assay 

Guinea pigs weighing from 350 to 400 gm. were raised on the diet, as 
described by van Wagtendonk (5). The diet consisted of skim milk 
powder and water, to which the necessary known vitamins and small 
amounts of copper and iron had been added. The S 3 mdrome developed 
gradually over a period of some months. Animals in which the syndrome 
was well developed were used for the test. The usual method of assay 
consisted of a manual determination of the wrist stiffness in the follo^ving 
way. 

The fore leg of the guinea pig on the opposite side from the experimenter 
was extended posteriorly, close to the body wall of the animal, by pressing 
the thumb on the olecranon process and at the same time supporting the 
proximal and distal portions of the leg with the fingers. The leg should 
be as straight as possible. The disengaged hand of the operator was then 
used to superextend the foot gently by pressing upward on its medial 
aspect. The foot of a normal animal would bend easily until it formed a 
right angle with the leg. The nutritionally deficient animals were very 
sensitive towards the treatment and manifested pain at once when the 
foot was forced beyond the point of easy bending. This stiffness dis- 
appeared if active fractions were administered to the animals. The results 
are recorded in terms of a series of arbitrary figures. A normal joint is 
designated as 4, a completely rigid joint as 1 . Intermediate conditions 
are indicated by such symbols as 1.5, 2, 3, 34-, and 4—. 4P indicates 
that, although normal mobility has been regained, the joint is still painful 
under manipulation. The fractions were dissolved in cottonseed oil. 
In order to express activities in a quantitative way we arbitrarily defined 
1 unit as follows: A solution of an active fraction in cottonseed oil con- 
tains 1 unit per cc. if, when 1 cc. is administered daily for 5 consecutive 
days to a sick animal, it cures the affected animal in this time, the stiffness 
being determined as described above. 

The determination of the easily hydrolyzable phosphorus in the liver 
was also used as an assay. Guinea pigs were anesthetized by intraperi- 
toneal injection of nembutal, and the liver was quickly removed and 
dropped into a mixture of dry ice and ether. The frozen organ was weighed 
and ground in a Waring blender in a measured volume of ice-cold 5 per 
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Cent trichloroacetic acid, with 10 cc. of acid for 1 gm. of tissue. The 
suspension was filtered and the inorganic P in the filtrate determined ac- 
cor^g to the method of Fiske and Subbarow (9). The easily hydroly- 
zable P was determined by heating an aliquot for 15 min utes in a boiling 
water bath with N sulfuric acid, the liberated P being determined as 
described above. The obtained values were compared with those from 
the livers of deficient animals of the same age group. An increase of the 
easily hydrolyzable P in the livers of animals receiving the antistiffness 
factor was considered an indication of the activity. 


Tabij: I 

Activity of Other Materials 




Mazsiczh 





Activity 

do&e 

tested 


Activity 

dcse 

letted 


uniU Ptf 
tm. 

ta. 


uaiU per 

xa. 

tat. 

Raw cream 

1 


Sorghum (stalks) 

20 


Fresh kale leaves 

1 


Corn (stalks) 

3 


Vacuum-dried kale (60°) 

8 


Beet molasses 

0 

3 

Haw potato 

0.5 

1 

Soy bean 

0 

5 

Bakers' yeast (Fleisch- 

0 

2 

Flax seed 

10 


maun) 



Com oil 

0 

5 

Beef muscle 

0.5 

1 

Cane molasses 

10 


“ liver 

0.5 

1 

“ juice 

100-1000 


Alfalfa 

0.5 

1 

a-Tocopherol phos- 

0 

0.02 

Anaheim vacatone 

0 

2 

phate-disodium salt* 



Broccoli 

0 

2 

Wheat germ oil con- 

2 





centratej 




* Obtained through the courtesy of Dr. J. A. Aescblimaan, Hoffmann-La Roche, 
Inc. 


t From Distillation Products, Inc. 

Other Sources of Faxlor — ^Various other raw materials were tested for 
the presence of the antistiffness factor, according to the first assay method. 
The results are represented in Table I. The fact that the a-tocopherol 
phosphate-diaodium salt is inactive in concentrations as high as 20 mg. 
again definitely establishes the fact that the described deficiency disease 
13 not due to the absence of vitamin E from the diet. 

Isolation from Cane Juice — ^The extraction procedure for cane juice was 
identical with that for molasses. For this reason only the method with 
cane juice will be given. In total 6 tons of molasses and 7 tons of cane 
juice were used for the extraction of the antistiffness factor. 

Extraction with Ethyl Ether — 55 gallons of crude cane juice (100 umts 
per gm.; total 20,000,000 units) were extracted at room temperature in a 
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semicontinuous extraction apparatus.® It was found advantageous to pass 
the cane juice through a stationary colrnnn of ethyl ether. In this way, 
emulsification, although still a serious interference, was consideraby less 
than if the ether were to flow through the cane juice. The extraction 
tower was filled with wooden blocks (2 X 2 X 2 cm., preextracted with ethyl 
ether) which were thoroughly soaked in cane juice. The tower was then 
charged mth 5 gallons of ethyl ether and the cane juice was passed through 
it at the rate of 55 gallons per 4 to 5 hours. After six extractions the tower 
was drained and the emulsion centrifuged to recover the ether extract. 
The tower was refilled with ether and the extraction continued. A 4 day 
extraction (four charges of ethyl ether, total twenty-four runs) was suffi- 
cient to extract all of the active material. The ether extract of each run 
was washed three times mth 3 Hters of w’ater, dried over anhydrous sodimn 
sulfate, and concentrated in a stream of nitrogen. Yield, 17 gm. of a dark 
green wax; 1,000,000 units per gm.; total 17,000,000 units. 

Distribution between Immiscible Solvents — ^The Avax obtained from the 
extraction was dissolved in 1 liter of petroleum ether (Skellysolve H) and 
four to five times extracted with 1 liter of 90 per cent methanol. The 
active substance remained in the petroleum ether layer. After drying over 
anhydrous sodiiun sulfate the solution was concentrated in a nitrogen 
atmosphere. Yield, 11 gm. of a green wax; 1,500,000 units per gm.; total 
16,500,000 units. 

Selective Adsorption on Magnesium Oxide — ^The green wax from the 
second step was dissolved in 500 cc. of a petroleum ether-benzene mixture 
(9:1). 25 to 50 gm. of magnesium oxide (adsorptive powdered m^nesia. 
No. 2641, California Chemical Company, Newark, California) were added. 
The mixture was thoroughly shaken. After centrifuging, the pale yellow 
supernatant solution containing the active substance was again concentra- 
ted in a stream of nitrogen. Yield, 6 gm. of an orange wax; 10,000,000 
units per gm.; total 60,000,000 units.* 

Molecular Sublimation — The wax so obtained was submitted to a molec- 
iilnr sublimation in a simple pot still. The condensing surface was 
cooled with a dry ice-acetone mixture. The vacuum Avas maintained at 0.1 
fi. Some fractionation was possible. At a bath temperature of 70“ a 
yellow inactu'e oil condensed at the cooled surface. At a bath temper- 

* The authors want to express their appreciation to Professor G. W. Gleeson from 
the Department of Chemical Engineering for his valuable advice in the construction 
of the extractor unit. 

* On elution of the magnesium oxide with ethanol, a fraction can be obtained which 
in very small dosages will increase the degree of stiffness. The removal of this 
fraction accounts for the increase of the total activity from 16,500,000 to 60,000,000 
units in this step. 
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ature of 140-170° the active substance (mixed with some oil) condensed 
at the surface of the cold finger. The distillate was dissolved in benzene 
and 9 volumes of 95 per cent ethanol were added. After standing over- 
night in the ice box the precipitate was filtered, washed with a cold 
ethanol-benzene mixture (1:9), and dried in a vacuum desiccator. The 
major part of the oil was thus removed. The dry material was submitted 
to a second molecular sublimation. The now white distillate was 
dissolved in purified petroleiun ether*. The solution was cooled and the 
white crystalline precipitate filtered. The material thus obtained usually 


II 

Slimness Test 



Utday 

2iid diy 

Jid day 

-Ith diy 

ith day 

6tli day 

7th day 

T 

10 

2.5 

2.5 

3 

3 

4- 

4 

4 

4 

■ 






0.01 

2.5 

2.5 

3.5 

3- 

4- 

3-h 

4 

3-f 

B 

4- 

4 

4P 

4 

4 

0.002 

3 

2.5 

3-1- 

2.5 

3.5 

3,5 

3.5 

3.5 

mm 

3.5 

4- 

4- 

4 

4 

Control 

2 

2.5 

2 

2.5 

2 

2.5 

2 

2.5 


2.5 

2 

2.5 

2 

2.0 


Tablb III 

Easily Hydrolyzable Phosphorus 


Dosage 

Easily hydrolyzable P 

Ko. of aahnals 

7 

ag. per ICO iVK. 


10 

17.3 ±0.5* 

10 

0.01 

16.2 ±0.3 

10 

0.002 

8.5 ± 0.5 

5 

Control 

4.7 ±0.2 

10 


* The mean values and the standard error are given. 


melted from 79-81°. Approximately fourteen recrystallizations from pe- 
troleum ether were necessary to obtain a sharp melting product. The pur- 
ified material melted from 81.5-82°. It consisted of pure white leaflets, 
^eld, 0.1 gm.; 500,000,000 units per gm.; total 50,000,000 umts. 

Aclivily Tests — The activity of the crystalline compound was deter- 
mined as described above. The results are given in Tables II and IH. 

^ 2 liters of Skellysolve H were shaken five times with 100 cc. of fuming sulfuric 
acid, washed acid-free with distilled water, dried overNa-SOi, anhydrous, and dis- 
tilled over sodium. The fraction boiling from 62-78° was collected and used for 
the recrystallizations. 
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The dosage of 0.002 7 can therefore be considered as the minitna l dosage 
necessary to relieve the stiffness and to return the level of the easily hydroly- 
zable phosphorus to normal values. 

DISCUSSION 

From this and other previously reported investigations (4-7) it becomes 
apparent that the compound isolated from the cane molasses and the cane 
juice is able to prevent and to cure the sjrmptoms characteristic for the 
deficiency. In view of the extremely small dosages required we feel justified 
in classifying the compound as an essential metabolite. Work towards the 
elucidation of its structure is in progress. It has not yet been possible to 
establish whether this compound is also present in the previously isolated 
fraction from raw cream. 


SUMAURY 

A procedure for the isolation of a crystalline factor present in molasses 
and raw cane juice, which cures an induced stiffness in guinea pigs, has been 
described. The abnormal low level of the easily hydrolyzable P in the liver 
of deficient animals can be returned to a normal value by the administration 
of minute dosages of the antistiffness factor. The smallest curative dosage 
is 0.002 7 . 

The authors want to express their sincere thanks to Dr. Arthur G. Keller 
of Louisiana State University for his cooperation in obtaining large amounts 
of cape juice. Thanks are also due to the Pacific Molasses Company, 
San Francisco, California, for the generous amounts of molasses furnished 
and to the Aubandon Sugar Manufacturers and the United States Sugar 
Corporation of Clewiston, Florida, for the cane juice shipped. 
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THE ROLE of DliMETHYL- AND MONOIVIETHYLArvIINO- 
ETHANOL IN TRANSi\IETHYLATION RKACTIONS IN 

VIVO* 


Br VINCENT on VIGNEAUD, JOSEPH P. CHANDLER, SOFIA 
SrSIMONDS, A. W. MOYER, .u.-d MILDRED COHN 

{From the Deparlmenl of Biochemistry, Cornell University Medical College, 

A'eto York City) 

(Received for publication, April 27, 1946) 

An investigation of the metabolic behavior of tlimethyl- and monomethyl- 
aminoethanol was undertaken as a further study of members of the general 
class of N-methyl compounds. It was hoped, however, that in the study 
of these particular compounds some clue might be uncovered as to the 
mechanism by which choline is synthesized and degraded in the course of 
participating in transmethylation reactions (1, 2). 

In our first exploratory experiments, the growth-promoting properties 
of both monomethyl- and dimethylaminoethanol were studied. The mono- 
methyl compound proved to be so toxic that its activity could not be 
adequately tested. In addition to the growth studies on dimethylamino- 
ethanol, data were also obtained on its effect on fatty livers and hemor- 
rhagic kidneys. F inall y, the labeling of the methyl groups with deuterium 
was resorted to in order to gain a closer insight into the fate of the methyl 
groups of these compounds. After the feeding of the labeled compounds, 
the tissue choline and tissue creatine were isolated and their deuterium 
content was determined. 

For the preparation of deuteriomonomethylaminoethanol, deuterio- 
methyl iodide, prepared from deuteriomethyl alcohol (1), was used as the 
methylating agent of N-p-toluenesulfonylaminoethanol. For the prepara- 
tion of deuteriodimethylaminoethanol, direct methylation with deuterio- 
methyl iodide could not be employed.* Therefore, advantage was taken 
of the procedure of Clarke, Gillespie, and Weisshaus (4) for the methyla- 
tion of amines with formic acid and formaldehyde. Deuterioformic acid, 
obtained by pyrolysis of deuteriooxalic acid (5), was used with ordinary 
formaldehyde to methylate aminoethanol. In this way, the methyl group 
13 labeled by the partial replacement of 1 hydrogen atom by deuterium. 
This synthesis has the advantage of using a readily available source of the 

• The authors wish to acknowledge a grant-in-aid by the Nutrition Foundation, 
Inc., which has contributed to the support of this investigation. 

Frankel and Cornelius (3) have reported the preparation of dimethylamino- 
ethanol, isolated as the gold chloride, subsequent to the treatment of amin oethanol 
With a large excess of methyl iodide in the presence of sodium hydroxide. In our 
laboratory, choline was the only product obtained from the reaction mixture. 
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isotope, since deuteriooxalic acid can be prepared by a simple exchange 
reaction between deuterium oxide and oxalic acid. 

EXPERIMENTAL 

Preparation of Deuteriomonomelhylaminoethanol {CDiNHCHiCHiOH ) — 
Deuteriomethyl iodide, obtained from 6.3 gm. of deuteriomethyl alcohol 
(1), was distilled directly into a solution of 32 gm. of N-p-toluenesulfonyl- 
aminoethanol (6) in 100 cc. of 3.5 N sodium hydroxide. The resulting 
mixture was heated in a well stoppered flask at 65-75° for 90 minutes and 
then allowed to cool to room temperature. The solution was extracted 
several times with chloroform, and the chloroform extract was concentrated 
to dryness in vacuo. An alcoholic solution of the residue was decolorized 
with Darco, and the alcohol was evaporated. 31 gm. of N-p-toluene- 
sulfonyldeuteriomethylaminoethanol were obtained. 

28 gm. of this compound in 80 cc. of concentrated hydrochloric acid were 
heated in a sealed tube for 23 hours. The p-toluenesuhonic acid which 
crystallized when the acid solution was cooled to 0° was removed by 
filtration. The filtrate was concentrated in vacuo to remove excess HCl. 
The deuteriomonomethylaminoethanol hydrochloride was dissolved in 
absolute alcohol and precipitated with dry ether. 8.0 gm. of product were 
obtained. 

For deuterium analysis, this extremely hygroscopic salt was converted 
to the picrate. A sample of deuteriomonomethylaminoethanol hydro- 
chloride was dissolved in concentrated potassium hydroxide solution and 
the free base was extracted ivith ether from the alkaline solution. The 
ether extract was dried over sodium sulfate and was treated repeatedly 
with an ether solution of picric acid. The picrate which precipitated was 
extracted with boiling ether to remove excess picric acid. 

Analyses — Deuteriomonomethylaminoethanol picrate 

Elementary.* Calculated,* C 35,11; found, C 35.56 
Deuterium. 23.8 ± 0.5 atom% (95.2 atom% in methyl group) 

Preparation of Deuteriodimethylaminoethanol {{SJHzD) 2 NCHiCH-iOH ) — 
Aminoethanol was methylated by the method of Clarke and coworkers (4) 
for the methylation of amines. Deuterium was introduced by the use of 
deuterioformic acid (DCOOD) in place of ordinary formic acid. 

* In the combustion of deuterium-containing compounds by the usual microanaly- 
tical techniques, deuterium is retained in the combustion tube. Therefore, the 
hydrogen values of such compounds obtained in the usual manner are unreliable. 
For this reason, only the values for carbon have been determined for the test com- 
pounds. 

* All calculated values are based on the increased molecular weight due to deu- 
terium in the molecule. 
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55 gm. of anhydrous oxalic acid were equilibrated with 25 gm. of 99.6 
per cent D-O. To this mixture were added 2 cc. of glycerol, and the deu- 
terioo.xalic acid was converted to deuterioformic acid by heating the mixture 
in an oil bath at 180°. 40 cc. of solution containing 22 gm. of deuterio- 
formic acid were obtained by distillation and were subsequently treated 
with 13 gm. of trioxymethylene. The resulting solution was cooled in an 
ice bath and 12 gm. of aminoethanol were added. The temperature was 
allowed to rise slowly to avoid violent reaction, and finally the mixture 
was heated under a reflux for 4 hours. A slight excess of the calculated 
amount of anhydrous HCl was added to the solution and the volatile 
material was removed by distillation. The exchangeable deuterium in 
the residue was removed by repeated equilibrations with ordinary water. 
An aqueous solution of the final residue was then made alkaline and the 
mixture w'as distilled. The distillate was saturated with potassium hy- 
droxide and the dimethylaminoethanol layer was removed. Even after 
drying over anhydrous potassium carbonate, the deuteriodimethylamino- 
ethanol still contained some water which could not be readily removed by 
fractional distillation. The product was found to contain 84 per cent 
dimethylaminoethanol by titration with standard acid and by determina- 
tion of its nitrogen content. 

For deuterium analysis, the dimethylaminoethanol was converted to the 
picrate. 

Analyses — Deuteriodlmethylaminoethanol picrate 

Elementary.* Calculated,* C 37.62; found, C 37.80 
Deuterium. 5.35 ± 0.07 atom % (12.5 atom % in methyl group) 

The introduction of deuterium in the preparation of dimethylamino- 
ethanol by this procedure was attempted with ordinary formic add in a 
medium of DiO. The dimethylaminoethanol obtained by this procedure 
contained only a trace of deuterium. 

Exploratory Feeding Experiments 

Growth Experiments with Dimethylaminoethanol — Growth tests with 
dimethylaminoethanol were carried out with young rats on methionine- 
and choline-free diets. The diet was the amino acid diet employed by 
Chandler and du "Vigneaud (7) and contained homocystine (1.25 per cent) 
as the only sulfur amino acid. The fat-soluble vitamins were mixed in 
the diets in the amoimts used by Chandler and du Vigneaud (7), and the 
water-soluble vitamins were given as a supplement in pUls. The rats 
received two pUls daily; each pill contained 0.01 mg. each of thiamine 
chloride, riboflavin, nicotinic acid, 0.005 mg. of pyridoxine hydrochloride, 
12.5 mg. of choline-free lyzamin-B (8), and 150 mg. of dextrin. The 



60G 


DIMETHYL- AND MONOMBTHYLAMINOETHANOL 


daily food confiumption, the initial body weight, and the average daily 
change in body weight for each rat are given in Table I. 

Effect of DimethylamiTwethanol on Fatty Degeneration of Liver — ^The fat 
content of the livers of the rats fed dimethylaminoethanol was determmed 
by the method of Best, Channon, and Ridout (9). The results of these 
analyses are given in the last column of Table I. 


Table I 


Growth and Lipotropic Effects of Dimethylaminoethanol 


Rat No. 
and sex 

Da VS 
on diet 

Daily supplement to basal diet 

Average 
daily food , 
consump* i 
tiOQ 

Initial 
body 1 
weight 

Average 
daily ^ 
change in | 
body 
weight 

Liver 

fat 



j 

tnt. 

sm. 

gm. 

gm. 

per cent 

233 9 

24 

No supplement 


4.6 

69 

-0.1 

27.5 

129 cf 

20 

Dimethylaminoethanol 

50 

4.5 

71 

-0.4 

5.7 

130 9 

20 

it 

60 

6.3 

57 

-0.4 

6.1 

231 o' 

24 

M 

25* 

5.1 

77 

+0.4 

3.8 

232 o' 

16 

it 

25* 

5.0 

79 

+0.4 

8.3 

232 

8 

it 

50* 

4.0 

85 

+0.4 


255 o’ 

20 

H 

50 

5.4 

67 

+0.1 

4.7 

256 9 

20 

<( 

50 

5.0 

68 

0.0 

6.4 

327 9 

8 

Choline chloride 

60 

4.2 

40 

+1.2 

6.7 

328 9 

8 

it it 

60 

4.7 

36 

+1.0 

7.2 

268 9 

' 

ti it 

60 

3.6 

36 

+1.2 



* Compound injected subcutaneously. 


Table II 


Effect of Dimethylaminoethanol on Development of Hemorrhagic Kidneys 


Dietary supplement (10 rats in 
each group) 

Average body weight 

Average 
daily food 
intake 

Average 

ki^cy 

weight 

Ridney lesions 

Initial 

1 5 th day 

8tb day 

None 

gm. 

37.3 


gm. 

49.6 

gm. 

4.2 

gm. 

0.89 

7 (Severe) 

Dimethylaminoethanol .... 

38.1 

47.5 

51.3 

4.3 

0.59 

3 (Partial) 


Effect of Dimethylaminoethanol on Hemorrhagic Degeneration of Kidneys — 
Two groups of ten rats each were fed the 18 per cent casein diet described 
by Griffith and Mulford (10) and called by them Diet AC-39. As used 
in our experiment, the Griffith and Mulford diet was modified as follows: 
fortified fish liver oil was replaced by corn oil solutions of vitamins A, D, E, 
and K in the amounts described previously (11), and the water-soluble 
vitamin supplement also was altered so that each rat received daily an 
aqueous solution containing 0.02 mg. each of th iamin e chloride, riboflavin, 
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nicotinic acid, and pyridoxine hydrochloride, and 0.2 mg. of dZ-caldum 
pantothenate. 

One group of rats was kept on this regimen as a control group, while the 
other group was given, in addition, 48 mg. of dimethylaminoethanol per 
rat per day. After 8 da 3 r 3 , the .mimftls were sacrificed and autopsies 
were performed. The change in body weight, the average daily food 
consumption, and the incidence of renal lerions in each group are given 
in Table II. 


Feeding ExperiTnenls icilh Labeled Compounds 

In each experiment one male rat and one female rat were fed a qm- 
thetic, methyl-free diet of the following percentage composition: amino 
add mixtme (8) 20,* dextrin 27, sucrose 15, salt mixtiue (Osborne and 
Mendel (12)) 4, agar 2, com oil (Mazola) 30. The remaining 2 per cent 
of the diet varied in each e.xperiment. Vitamins A, D, E, and E; were 
included in the com oU, as described previously (11). The water-soluble 
vitamins were administered in aqueous solution. Each rat was fed by 
stomach tube 0.4 cc. of solution daily, containing 0.02 mg, each of thiamine 
chloride, riboflavin, nicotinic acid, and pyridoxine hydrochloride, 0.2 mg. 
of dZ-calcium pantothenate, and 25 mg. of choline-free ryzamin-B (8). 
The test compound dissolved in the solution of the B complex vitamins 
was given to each animal during the experimental period in an amount 
equivalent in methyl groups to 50 mg. of choline chloride per day. At the 
end of the e.xperimental period, the rats were sacrificed and choline and 
creatine were isolated (1) from the tissues of each animal, and the deu- 
teriiun content of the isolated compounds was determined. The purity 
of the isolated choline chloroplatinates was determined by platinum 
analyses, while that of the isolated creatinine potassium picrates was 
determined colorimetrically by the Jafie reaction. 

Feeding of Deuteriodimethylaminoethanol vsith Homocysline — ^The diet 
fed the two rata had the following percentage composition: basal methyl- 
free diet 98, dZ-homocystine 0.6, Z-cystine 0.4, and de.xtrin 1.0. For 1 
week prior to the feeding of deuteriodimethylaminoethanol, the anim.als 
each received 50 mg. per day of choline chloride with the B comple.x ■vita- 
mins. Then choline was omitted from the aqueous •vitamin solution 
and deuteriodimethylaminoethanol (48 mg. per day) was substituted; 
enough hydrochloric acid was added to the solution to neutralize it. Table 
in gives the change in body weight of each rat during the 21 day experi- 

* The apparent percentage of amino acid mixture in this diet differs from that pre- 
viously described (7) because the present diet contains 1.3 per cent of f-Ieucine in- 
atead of 2.6 per cent dl-leucine, 33 per cent of dZ-lysine hydrochloride instead of 4.5 
per cent df-lysine dihydrochloride, and 2.3 per cent of sodium bicarbonate instead 
of 3.9 per cent. 
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mental period and the deuteriomethyl content of the isolated choline and 
creatine. 

Analyses — Choline chloroplatinatc 

Elementary. Rat 1105. Calculated,* Pt 31.6; found, Pt 30.9 
“ 1106. " “ 31.6; “ “ 31.3 

Deuterium. “ 1105. 3.81 ± 0.07 atom % 

“ 1106. 3.18 ±0.08 “ % 

Creatinine potassium picrate 

Deuterium. Rat 1105. 0.31 ± 0.05 atom % 

“ 1106. 0.24 ± 0.05 “ % 

Feeding of DeuteriodimelliylaminoeUianol with Methionine — In this 
experiment the diet had the following percentage composition: b.isal 
methyl-free diet 98, dZ-methionine 1.4, and de.xtrin 0.6. The two rats 
were fed this diet for 1 week without deuteriodimetliylaminoethanol in 
the aqueous vitamin supplement and then for 3 weeks wth this compound. 
The data obtained concerning the change in body weight of the rats and 
the deuterium content of the isolated creatine and choline are sununarized 
in Table III. 

Analyses— Choline chloroplatinatc 

Elementary. Rat 1103. Calculated,* Pt 31.6; found, Pt 31.2 
“ 1 1104. « “31.6; " “32.1 

Deuterium. “ 1103. 2.02 ± 0.07 atom % 

“ 1104. 1.93 ±0.06 “ % 

Creatinine potassium picrate 

Deuterium. Rat 1103. 0.04 ± 0.04 atom % 

" 1104. 0.07 ± 0.04 “ % 

Feeding of Deuteriomonomethylaminoethanol — Two rats were placed on a 
diet having the foUotving percentage composition: methyl-free basal diet 
98, dZ-homocystine 1.25, and dextrin 0.76. For 1 week the rats each 
received 50 mg. per day of choline chloride tvith the B complex vitamins. 
Then the administration of choline was discontinued and deuteriomono- 
methylaminoethanol hydrochloride (120 mg. per day), neutralized tvith 
sodium carbonate, was substituted in the aqueous vitamin solution. 

The rats lost weight on this diet, and on the 12th day Rat 1201 died. 
At autopsy the kidneys were found to be enlarged, soft, and pale in color, 
but no other gross pathology was observed. The surviving rat was given 
a 10 mg. dose of choline chloride in an attempt to prolong life, but it died 
5 days later. At autopsy the liver appeared normal, the kidneys were 
large and pale, the pancreas was very white, the gastrointestinal tract 
contained much gas and fluid, and the peritoneal cavity also contained 
considerable fluid. Choline and creatine were isolated from the tissues 
of both of these animals. The results of this experiment are summarized 
in Table III, 
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t Hat given 10 mg. of ordinary choline ohlorido on 12tli day; died on 17lh day. 
i Hat died on 12lh day, 
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AnoJyses— Choline chloroplntinate 

Elomentary. Rat 1200. Calculated,’ Ft 31.0; found, Pt 32.1 
“ 1201. “ " 31.0; " “ 32.2 

Deuterium. “ 1200. 0.89 ± 0.07 atom % 

" 1201. 8.13 ±0,13 “ % 

Creatinine potassium picrate 

Deuterium. Rat 1200. 0.10 ± 0.11 atom % 

" 1201. 0.09 ± 0.06 " % 

DISCUSSION 

Although the dimethylaminoethanol exhibited both lipotropic and anti- 
hemorrhagic activities, the growth e.xperiments demonstrated that di- 
methyJaminoethanol does not supply methyl groups for the synthesis of 
methionine from homocystine at a rate sufficiently rapid to permit as good 
growth of the young rat as is obtained when choline is fed. However, 
under these conditions experiments with the deuteriodimethylamino- 
ethanol demonstrated that the methyl groups of the dimethyl compound 
are used very efficiently by the rat in the synthesis of choline. About 43 
per cent of the methyl groups in the tissue choline were derived from the 
deuteriodiraethylaminoethanol in 3 weeks, when the latter was fed as a 
supplement to a diet containing homocystine and cystine as the onlysulfur- 
containing amino acids. This figure may be compared with the value of 
about 60 per cent obtaihed in experiments in which deuteriocholine was 
fed with homocystine (2). 

The seemingly anomalous situation that the dimethyl compound pre- 
vents fatty livers and hemorrhagic kidneys and is a relatively good source 
of the methyl groups of choline, yet is not an efficient substitute for choline 
in supporting the growth of young rats on the homocystine diet, would 
become understandable if the animal were incapable of demethylating 
dimethylaminoethanol to yield methyl groups for the synthesis of methio- 
nine but were capable of rnethylating it to yield choline. If- this should be 
the case, dimethylaminoethanol would not enter directly into transmethyla- 
tion reactions, such as the formation of methionine and creatine, yet would 
be convertible to choline. This concept would carry with it the implication 
that choline, in engaging in transmethylation, releases only one methyl 
group, and dimethylaminoethanol is formed. Dimethylaminoethanol would 
thus assume a pivotal position as both the immediate precursor and the prin- 
cipal demethylation product of choline. 

In previous experiments it was found that when deuteriomethionine 
was the only methyl donor in the diet of young rats, the creatine and 
choUne isolated from the rat tissues had about the same deuteriomethyl 
content (1). If the metabolic pathway of dimethylaminoethanol were 
such that its methyl groups were only given up to homocystine for the 
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formation of methionine and subsequently appeared in choline and creatine, 
this same relationship between the deuterio methyl content of tissue 
choline and tissue creatine should result when the deuteriodimethylamino- 
ethanol is fed with homocystine. However, the data listed in Table HI 
show that the choline contained much more deuteriomethyl than the 
creatine. In fact, the distribution of the deuteriomethyl groups between 
choline and creatine was similar to that obtained in previous e.xperiments 
in which deuteriocholine was fed (2). The results are more in accord with 
the hypothesis that dimethylaminoethanol is a precursor of choline but 
cannot itself be demethylated to yield directly utUizable methyl groups. 

On the basis of these concepts, the conversion of the administered 
dimethylaminoethanol to choline would be accomplished on the otherwise 
methyl-free diet only at the e.xpense of tissue methionine or some other 
source of labile methyl groups. Mevertheless, with two of the methyl 
groups necessary for choline synthesis already incorporated in the diet 
in the form of dimethylaminoethanol, the dietary situation would un- 
doubtedly be much improved over a completely methyl-free diet. The 
lipotropic and antihemorrhagic properties and the very limited growth- 
promoting power of dimethylaminoethanol on the homocystine diet 
would thus be accounted for. On the other hand, its acthdty' in prevent- 
ing fatty livers and hemorrhagic kidneys could, of course, reside in the 
intrinsic activity of the compound itself. Other compounds which have 
no labile methyl groups are kno^vn to exhibitthese activities (13). One 
must, in addition, bear in mind the possibility that intestinal flora might 
play a r61e in some mann er in the utilization of dimethylaminoethanol. 

The direct conversion of dimethylaminoethanol to choline has been 
suggested by Jukes and Oleson (14, 15) to e.xplain their experiments on 
the growth-promoting and antiperotic activities of dimethylaminoethanol 
in chicks. These investigators suggest that dimethylaminoethanol may 
exist in some normal diets of chicks and in other natural sources. 

It is of interest to note that the appearance of the labeled methyl groups 
in the choline of the tissues occurred after the feeding of deuteriodimethyl- 
aminoethanol, even when the homocystine and cystine in the diet were 
replaced by methionine. Thus, in spite of the availability of a more than 
adequate supply of labile methyl groups in the form of methionine, 23 per 
cent of the methyl groups of choline was stiU derived from dimethylamino- 
ethanol, as compared to 43 per cent when dimethylaminoethanol was the 
sole source of methyl groups in the diet (Table III). 

The experiments with monomethylaminoethanol were not so e.xtensive 
as those with the dimethyl compound. Since monomethylaminoethanol 
was found to be toxic to small rats (about 40 gm.), its effects on growth, 
fatty liver, and hemorrhagic kidneys were not investigated. In the isotope 
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experiment (Table III), in which somewhat larger rats were used (about 
75 gm.), the animals also lost weight rapidly and died after a short time 
on a diet in which monomethylaminoethanol was the only possible source 
of methyl groups. Nevertheless, the choline isolated from the tissues of 
these animals contained a agnificant amount of deuterium. The creatine 
isolated from these rats, however, had a very low deuterium content, 
consistent with the value obtained when the same isotope level of body 
choline is attained by feeding deuteriocholine. Again the ratio of deu- 
terium in choline and creatine. is the same as after the feeding of choline. 

By reasoning analogous to that used for the dimethyl compound, it 
appears probable that monomethylaminoethanol is also a preciusor 
of choline, but is certainly not itself a direct methyl donor. In the course 
of the methylation of aminoethanol, shown by Stetten (16) to be a precur- 
sor of choline, first monomethyl- and then dimethylaminoethanol may be 
formed. The hypothesis that aminoethanol is transformed to choline 
in three successive merthylation steps has been suggested by Jukes, Dorn- 
bush, and Oleson (17) on the basis of their work with the “ cholineless’’ 
mutant (No. 34486) of Neurospora'crassa. This work has recently been 
confirmed and extended by Horowitz (18), who has presented further evi- 
dence for the validity of this mechanism of choline synthesis in Neurospora. 

Stetten (16) has also shown that aminoethanol is not a product of choline 
degradation. This fact likewise fits in Avith our concept that the de- 
methylation of choline stops after one methyl group has been transferred 
to a methyl acceptor such as homocysteine. The difference in behavior 
of the partially methylated aminoethanols and choline, in so far as the 
ease with which an intact methyl group may be transferred, may be 
ascribed to the fact that choline is a quaternary nitrogen compoimd, while 
the others are trivalent nitrogen compounds. 

SUMMARY 

The relationship of monomethyl- and dimethylaminoethanol to choline 
and transmethylation reactions has been investigated. Dimethylamino- 
ethanol was foimd to be active in preventing the formation of fatty livers 
and hemorrhagic kidneys but was decidedly inferior to choline in growth- 
promoting properties on a homocystine diet. Nevertheless, feeding ex- 
periments in which the monomethyl- and dimethylaminoethanols were 
labeled with deuterium in the methyl group proved that these compounds 
are excellent precursors for the synthesis of choline in the animal body. 
An explanation has been suggested for the apparently contradictory be- 
havior of dimethylaminoethanol, that is, its efficiency as a precursor of 
choline and its relative inefficiency in substituting for choline to give gro\vth 
on methyl-free diets. 
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(Received for publication, May 3, ltlI6) 


The object of the experiments in the following paper was the prepara- 
tion of 5-hydroxyleucine. In a previous commimication (1) reference was 
made to an amino acid derived from hydrolyzed c^ein which it w^ 
thought might possibly be a hydroxyleucine and which was shown defi- 
nitely to be neither nor y-hydroxyleucine. Unfortunately the sj-n- 
thesis of 5-hydroxyleucine has not been accomplished, for, under con- 
ditions which might have led to its formation, the product was owa. o 
have imdergone ring formation with production of 7-methylpro e. 


CHj— CH— CHj— CH • C OOH 

1 1 

CHjOH NH, 


CH,— CH- 


HjC 


\ / 
NH 


-CH, 

1 

CH-COOH 


This reaction is analogous to Sorensen’s observation of the formation o 
proline from S-hydroxy-a-amino-n-valeric acid. It seemed wort w e 
to record a description of 7-methylproline and to state that the eyi 
for the existence of hydroxyleucine as a product of casein hydro ysis m^ 
be regarded as unsubstantial, especially as efforts to convert t e ammo 
acid into methylproline have proved unsuccessful. 

The condensation of the sodium derivative of acetylamino^omc 
ethyl ester^ ivith 1 ,3-dichloroisobutane- gave products which on hydroly^ 
furnished only poor yields of o-chloroleucine. 5-Chloroleucine on r^ 
ment with 25 jier cent sodium hydroxide at 125-130 gave 7-met y pro c 
and no 5-hydroxyleucme could be detected. A variety of le^ r..s ic 
methods of replacing the chlorine by hydroxyl was tried but wit ou sue 

C6SS« 

In order to increase the reactivity of 1 , 3-dichloroisobutane, one or 
chlorine atoms w'ere replaced by iodine by heating with alcoholic so um 
iodide. While the replacement of chlorine by iodine was easily accom- 
plished and the iodo compound reacted much more smoothly in e 
sodium derivative of acetylaminomalonic ethyl ester, the mam en 

1 1 am indebted to Merck and Company. Inc., for the gift of acetylaminomalomc 

ester. • i 

•For supplies of l.S-dichloroisobutane, I am indebted to The Dow Chemical 

Company. 
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product of the reaction was 7 -methylprolme. IncidentaUy it was found 
that the products of the interaction of trimethylene iodide and the sodium 
derivative of acetylaminomalonic ester on suitable treatment gave about 
35 per cent of the theoretical amount of proline. The jdeld of proline 
from trimethylene bromide is similar. It is of interest to note that the 
sodium halide formed in the reaction with chloroiodoisobutane is chloride 
rather than iodide. It appears probable that sodium iodide is first formed 
and then reacts \vith the remaining chlorine atom. The use of sodium 
iodide to catalyze the reaction is a practical procedure. Incidentally the 
observation was made that glycine which invariably accompanies the 
prolines in the products of hydrolysis gives a relatively sparing reineckate 
which might easily lead to confusion in the use of Reinecke salt. 

EXPBRIMENTATj 

d-ChloToleucine — After a number of experiments, the following condi- 
tions were chosen, although the results left much to be desired. Sodium 
(4.6 gm.) is dissolved in anhydrous alcohol (75 cc. redistilled over calcium 
metal). While still slightly warm acetylaminomalonic ethyl ester (43.4 
gm.) is added to the solution which is shaken gently until solution is com- 
plete. The mixture is then cooled to room temperature or below and mth 
vigorous shaking 2 volumes (150 cc.) of dry dioxane are added by degrees. 
The sodium derivative of the malonic ester separates out at once. The 
bulk of the solvents is then removed by distillation imder reduced pressure 
and a temperature not exceeding 40°. The residue is twice treated with 
additional dioxane (75 cc.) which is removed by distillation as before, 
thils completing the removal of alcohol. 1,3-Dichloroisobutane in excess 
(40 gm.) diluted mth 2 volumes of dioxane is then added and the mixture 
heated imder a reflux with stirring at intervals in an oil bath at 130° for 
about 9 hours or until neutrality is reached. Hydrochloric acid (200 cc.) 
and water (50 cc.) are then added and hydrolysis of the esters completed 
by boiling under a reflux for 9 hours, an oil bath being used for heating. 
The solution is then evaporated as completely as possible under reduced 
pressure and sodium chloride separated with alcohol and removed by 
filtration. It is possible to isolate some 5-chloroleucine from the alcoholic 
solution of amino acid hydrochlorides by removing chlorine ions with 
lead hydroxide followed by silver acetate, then removing heavy metals 
with hydrogen sulfide, and finally converting the amino acids into copper 
salts in the usual way. The least soluble fraction of copper salts on re- 
crystallization and decomposition gives a little S-chloroleucine, while large 
amounts of glycine copper salt remain in the mother liquor. In view of 
the above facts it seemed desirable to remove as much as possible of the 
glycine before preparation of the copper salts. The only method that 
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was found satisfactory was to separate it as glycine ethyl ester hydro- 
chloride and to remove it by filtration. The filtrate was then boiled with 
water, freed from chlorine quantitatively, and fina lly converted into copper 
salt with copper carbonate. The copper salt of S-chloroleucine is sparingly 
soluble in water and crystallizes in hard aggregates of chalky blue needles. 
The yield amoimts to only 6 to 7 gm. It has normal composition without 
water of crystallization. 

C,H..NO,Cl-Cui. Calculated, Cu 16.1, NH,-N 7.14; found, Cu 16.1, NH,-N 7.21 

On decomposing the copper salt, suspended in hot water, with hydrogen 
sulfide, the free amino acid, crystallizing in needles, was readily obtained. 
It is only moderately soluble in cold water, freely soluble in hot water, 
and insoluble in alcohol. Its melting point varies with the speed of 
heating from 215-220°, giving a brown melt. On heating more strongly, 
the vapors give a strong pyrrole reaction. 

CtHiiNOiCl. Calculated. C 43.5, H 7.25, N 8.46 
Found. “ 43.3, “ 7.15, “ 8.50 

In view of the possibility of the conversion of 5-chloro2eucine into y- 
methylproline, it may be recorded that on esterification of 5-ehloroleucine 
and subsequent hydrolysis no formation of y-methylproline could be de- 
tected. 

The chlorine in 5-chloroleucine is remarkably strongly boimd. Silver 
acetate in 10 per cent acetic acid does not react at 100°, while at 120° in a 
sealed tube reduction occurred. Boiling with barium hydroxide solution 
liberates only a bare trace of chlorine. Heating with water in a sealed 
tube at 150° for 3 hours results in considerable darkening and liberation of 
a little over half of the chlorine. A somewhat better result was obtained 
as follows. S-Chloroleucine (5 gm.) was heated at 125-130° with 15 cc. 
of 30 per cent sodium hydroxide in a closed steel tube provided with lead 
washers. About 90 per cent of the chlorine was liberated. On removing 
sodium as chloride with alcohol and then removing chlorine with silver 
acetate in customary fashion, it was found that the recovered amino acid 
was almost all soluble in alcohol (metfaylproline), while the small insoluble 
portion was unchanged 5-chloroleucine. No evidence of the formation of 
5-hydroxyleucine could be secured. 

1 ,S-ChloToiodoisobuiane — Sodiiun iodide reacts readily with either one 
or both chlorine atoms of 1,3-dichloroisobutane. Sealed tubes containing 
12.7 gm. of dichloroisobutane (1 mole), alcohol (5 cc.), and 15 gm. of anhy- 
drous sodium iodide (1 mole) were heated at 125-135° for 12 hours. So- 
dium chloride (5.9 gm.) was filtered off and washed with ether. The 
contents of three such tubes gave a residue of about 70 gm. On rractiona- 
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tion, a portion boiling up to 120° under normal pressure was first removed. 
A second fraction (21.6 gm.) boiling at 120-170° under atmospheric pres- 
sure was next removed and proved to be a mixture of dichloroisobutane and 
chloroiodoisobutane. The third fraction (30 gm.) distilled close to 90° 
imder 10 mm. pressure and proved to be mainly chloroiodoisobutane. No 
attempt was made to obtain a completely pure specimen. A small residue 
of diiodoisobutane remained in the flask and could only be distilled mth- 
out decomposition at very low pressure. 

y-Methylproline — ^The condensation of 1,3-chloroiodoisobutane and 
the sodium derivative of acetylaminomalonic ester was carried out exactly 
as previously described for the preparation of 5-chloroleucine. After 
hydrolysis and removal of sodium chloride the bulk of the glycine was 
separated as ethyl ester hydrochloride. The filtrate was diluted with 
water and evaporated to a synip. Chloride was then removed with silver 
acetate and the excess of silver precipitated as sulfide. For the isolation 
of methylproline two methods were employed. The first involves the 
use of Reinecke salt, which precipitates y-methylproline almost quanti- 
tatively, and decomposition of the reineckate with pyridine as described 
by Bergmann for proline. The second method is possibly preferable and 
simply consists in evaporating the neutral amino acid to dryness and e-x- 
tracting the methylproline with hot absolute alcohol. The alcoholic 
solution is evaporated and again treated with absolute alcohol to remove 
any trace of glycine. The y-methylproline crystallizes readily on concen- 
trating the alcoholic filtrate and may be recrystallized from alcoholic 
solution by addition of anhydrous ether. It melts at 230° TOth efferves- 
cence. 

CsHiiOjN. Calculated. C 55.8, H 8.60, N 10.9 
Found. 55.7, “ 8.61, ” 10.9 

Amino nitrogen (Van Slyke) was completely absent. The copper salt of 
7 -methylproline is much less soluble in water than that of proline and 
crystallizes in aggregates of plates and prisms with an indigo violet color 
and contains no water of crystallization. Methylproline is readily pre- 
cipitated by phosphotungstic acid. 

y-Methylproline Reineckate — y-Methylproline (0.13 gm ) dissolved in 
water (5 cc.) was added to a solution of Reinecke salt (0.5 gm.) in 10 cc. 
of water and acidified to Congo red with 2 equivalents of hydrochloric 
acid. The theoretical amount of reineckate (0.45 gm.) immediately 
separated as clmnps of pink needles. It darkens above 150° and melts 
at 158-160°. It is sparingly soluble in water but very soluble in methyl 
alcohol and insoluble in acetic acid. The melting point is unchanged on 
recrystallization from aqueous methyl alcohol. 
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y-MethylproUne Rkodanilate — y-Methylproline (0.13 gm.) dissolved 
in 10 cc. of 0.2 n hydrochloric acid was added to 0.5 gm. of ammonium 
rhodanilate dissolved La 7 cc. of methyl alcohol. The immediate precipi- 
tate was small but on standing at a low temperature 0.47 gm. of fine deep 
red needles separated out. The theoretical yield is 0.64 gm. and the sub- 
stance appears to be slightly more soluble than the reineckate. It darkens 
above 125° and melts at 135-136°. 

Phenyl Isocyanate Derivative of y-Methylproline — y-Methylproline (0.2 
gm.) was dissolved in 2 cc. of normal sodium hydroxide, cooled, and treated 
with phenyl isocyanate (0.2 gm.) in the usual way. The filtered solution 
was acidified and gave almost a quantitative yield of the derivative. 
It was recrystallized from aqueous methyl alcohol and separates as stout 
prismatic needles melting at 182-183°. It is very sparingly soluble in 
water but freely soluble in alcohol. 

CijHuOvN,. Calculated, C 62.9, H 6.45; found, C 63.3, H 6.S0 

On boiling with normal hydrochloric acid and concentrating the solution 
the phenylhydantoin derivative is obtained as silky needles melting at 104- 
105°, sparingly soluble in water. 

Glycine Reineckate — In using Reinecke salt for the preparation of y- 
methylproline in some of the preceding experiments, it was found that the 
final product was contaminated with glycine. The suspicion arose that 
glycine formed a fairly sparingly soluble reineckate. This proved to be 
the case, although this seems surprising in the light of Kapfhammer and 
Eck’s (2) experiences. 

Glycine (1/100 mole = 0.75 gm.) with 2 equivalents of hydrochloric 
acid was treated with 3.5 gm. of Reinecke salt (theory, 3.32) in a total 
volume of 50 cc. Crystals separated on cooling and after standing at 0° 
overnight were filtered off and washed with ice water. The bright red 
(not pink) needles weighed 93 per cent of the theoretical amount (3.80 
gm.). On carrying out a similar exi)eriment but in a volume of 100 cc., 
the yield was 82 per cent of the theoretical amoimt, while a volume of 200 
cc. gave 50 per cent of theory. The substance gave the theoretical amount 
of glycine on decomposition with pyridine. It may be recrystaUized from 
a little warm water and darkens above 133° and is completely melted at 
158-160°. Its solubility in water at 2° was appro.ximately 13.8 gm. per 
liter. It is evident that glycine rdneckate may easily occur as an 
impurity in less sparingly soluble reineckates. 

SUMilABY 

The synthesis of 5-hydroxyleucine baa not been accomplished. A 
method is described for the preparation of 5-chloroleuciae which on treat- 
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ment with alkali is converted into 7-niethylproline. Improved syntheses 
of the latter substance are described. The evidence for the existence of a 
hydroxyleucine among the products of hydrolysis of casein must be re- 
garded as unsubstantial. 

Glycine gives a sparingly soluble reineckate which may easily introduce 
difficulties in the separation of amino acids with Reinecke salt. 
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In this paper, the infra-red absorption spectra of a number of crystalline 
natural estrogens are presented and considered in relation to chemical 
structure. As a group, the natural estrogens are distinguished chemically 
from other steroids by the benzenoid structure of Ring A, which gives 
nse to certain infra-red absorption bands by which their spectra may be 
differentiated from those of other steroids. A study has also been made 
of a synthetic estrogen, stilbestrol (4,4'-dihydro.xy-ot,/9-diethylstilbene). 

Methods 

Absorption spectra were obtained with the Hardy infra-red spectro- 
photometer (1), nith the same techniques that were employed in the study 
of androgens (2). The steroids were prepared for analysis by deposition 
as solid films on rock salt plates from pyridine solutions, as previously de- 
scribed. 


EXPERIMENTAL 

The absorption spectra of the following compoimds* are presented: 
a-estradiol, a-estradiol-3-monobenzoate, d-estradiol, /3-estradiol-3-mono- 
benzoate (Fig. 1); equilenin, equilin, estrone, estriol (Fig. 2); and stil- 
bestrol (Fig. 3). 

Analysis of Spectra 

As in the case of the infra-red absorption spectra of androgens (2), it 
has been found possible to assign a number of absorption bands in the 
spectra of estrogens to specific interatomic vibrations. These bands will 
be discussed first, after which certain other bands will be considered in 
relation to the structural configurations characterizing the compounds 
under study. 

0 — H Absorption — Since all the compounds studied have one or more 
hydroxyl groups, all their spectra have absorption bands in the region near 

* -Mded by a grant from the Joaiah Macy, Jr., Foundation. 

' We are indebted to Dr. Erwin Schwenk of the Sobering Corporation for the com- 
pounds included in this study. 
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3 fi, attributable to the linear vibration of 0 — bonds. The wave- 
lengtlia of the absorption maxima observed in this region are listed in 


cj 

o 

•H 

IQ 

« 


6 

(Q 

c 

d 


Wavelength in ^ 

Fia. 1 

Table I. All of the wave-lengths, except that for stilbestrol, are signifi- 
cantly higher than the 2.75 to 2.77 n absorption range for unbonded 0 — H 




Tranoniijssion 


FURCHGOTT, B03ENKRANTZ, AND SHORB 


623 


groups (3). As postulated in the case of androgens containing hydroxyl 
groups (2), this divergence may be the result of hydrogen bonding of 0 — H 



Fic.2 

groups in the solid films of these natural estrogens. The vride range over 
which the absorption mnvimi^ occur may be due to the varying strengths 
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of hydrogen bonding, since the extent of the shift of 0 — absorptiou 
varies directly with the strength of hydrogen bonding. 

In general, the steroidal estrogens possessing only a phenolic hydroxyl 
(estrone, equilin, and equilenin) produced an 0 — band at a higher wave- 
length than those containing only an alcoholic hydroxyl (a-estradiol 
monobenzoate and (S-estradiol monobenzoate). It is therefore likely that 
in the spectra of a-estradiol and /3-estradiol the absorption bands at 2.80 



Wavelength in jj. 
Fm. 3 


Table I 

Absorption Maxima in Hydroxyl Region 


Compound 

Type of 0— H 

Wave lenslh 

Estrone 

Cj-Phenolic 

P 

2.87 

Equilin 

€( 

2.95 

Equilenin 

(( 

2.94 

a-Estradiol 

“ CiT-alcoholio 

2.80, 2.93 

jS-Estradiol 

<< (1 

2.86, 3.09 

Estriol 

“ Cij- and Cij-alcoholic 

2.86, 2.98 

a-Estradiol-3-monobenzoate. . . 

Ci7-Alcoholic 

2.83 

S-Estradiol -3-monobenzoate. . . 

(( 

2.83 

Stilbestrol 

4- and 4'-phenolic 

2.78 


and 2.86 y. respectively arise from the alcoholic, whereas those at 2.93 
and 3.09 y arise from the phenolic hydroxyl groups. 

C — H Absorption — ^All the steroids in this series give a major band near 
3.35 y. This band, as was pointed out in the case of androgens (2), arises 
from the linear vibration of hydrogen in aliphatic C— H groups. Other 
workers (4, 5) have shown that C — H groups of benzene rings absorb 
nearer 3.25 y than 3.35 y. It might therefore be expected that in the 
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spectra of estrogens containing benzenoid rings a separate band would 
appear near 3.25 n in addition to the aliphatic C — band near 3.35 ii. 
Such a band, however, does not appear. Hence, it may be concluded 
that aromatic and aliphatic C — absorption bands arising from linear 
hydrogen vibrations have not been resolved in the present study. Like- 
wise in the case of the spectrum of stilbestrol, aromatic and aliphatic C — H. 
bands are not resolved. However, in this compound the aromatic C — ^H 
band would appear to predominate, since the absorption ma-rimiim occurs 
around 3.28 p. 

Absorption bands also arise in the region near 7 m from the angular vibra- 
tion of hydrogen in C — H groups. In this region, the absorption bands 
resulting from aromatic and aliphatic C — ^H groups have been clearly re- 
solved. In the spectra of estrone, o^estradiol, fi-estradiol, estnol, and 
equilin, the aromatic C — H bands occur in the 6.65 to 6.70 a range. In 
the case of the monobenzoates of a-estradiol and (S-estradiol, in which the 
C — ^H groups of the benzoate structure also contribute to the absorption, 
the band occurs at 6.70 ft. The presence of the two double bonds in Ring 
B of equilenin apparently causes an upward shift of the band to 6.76 ii, 
while in the case of stilbestrol, mth its para-substituted benzene rings, the 
band occurs at 6.62 p. 

The bands which may be assigned to aliphatic C — ^H angular vibrations 
occur in the 6.85 to 6.90 n range in estrone, a-estradiol, ^-estradiol, estriol, 
a-estradiol monobenzoate, and jS-estradiol monobenzoate. In equilin 
and equilenin, they are higher, occurring at 6.93 and 6.97 m respectively. 
With stilbestrol, as with a number of androgens (2), two aliphatic C — 
bands are resolved: one at 6.81 and the other at 6.95 a- 

CHj Absorption — ^In the spectra of androgens and related steroids (2), 
a band consistently occurred in the region between 7.20 and 7.25 a. On 
the basis of the work of Barnes el al. on the absorption of methyl group 
(4), this band was attributed to the angular methyl groups of the andro- 
genic steroids. However, of the estrogens only the following give rise to 
an absorption band in this specific region: estrone (7.23 a), a-estradioI 
(7.23 p), and /3-estradiol-3-monobenzoate (7.23 ji). In the r emain der, 
the bands closest to this region are, for a-estradiol-3-monobenzoate, 7.17 
m; for ^-estradiol, 7.28 p; for estriol, 7.17 a (shoulder); for equilin, 7.32 
p', and for equilenin, 7.18 p. The reasons for this variability are not 
apparent. 

^ In the spectrum of stilbestrol, there is little doubt that the band of me- 
dium intensity at 7.23 n arises from absorption by the two methyl groups of 
the ethyl side chains. 

C=0 Absorption — The only carbonyl groups encountered in the present 
study are C17 ketones and ester carbonyls. The former type is present in 
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estrone, equilin, and equilenin. In studies on androgens and related 
steroids (2), the Ci? ketone gave rise to an absorption band at about 5.75 
II. The Ci7 ketone of estrone also absorbs at this wave-length. However, 
the ketone absorption bands of equilin and equilenin occur at about 5.80 
H. The increased unsaturation of Ring B of these two compounds may be 
responsible for this upward shift in the wave-length. 

The ester carbonyls of a-estradioI-3-monobenzoate and /9-estradiol-3- 
monobenzoate both give rise to an absorption band at about 5.77 p. 

C—C Absorption — ^Aromatic rings are characterized by bands in the 
region of 6.20 to 6.30 ii (4). Such bands arise from the vibration of con- 
jugated C=C groups in the ring. Since all the compounds under investi- 
gation here have one or more aromatic rings, their spectra may be e.\pected 
to show bands in this region, and such is the case. In most of the spectra 
a single strong band is found. With equilin and equilenin two bands have 
been resolved in this region, one of those in equilenin being a small shoulder. 
The possible origin of these differences is the additional unsaturation of 
Ring B in these latter compounds. 

C — 0 Absorption — ^In the compounds under investigation, C — 0 groups 
may be divided into two classes: (o) those having a carbon with a double 
bond linkage, and (b) those having a carbon with only single bond linkages. 
To the first class belong the C — O groups found in phenolic hydroxyl 
structures. Because of the double bond linkage to the carbon, such 
groups may be e.xpected to give an absorption band near 8.0 p (2, 4). 
Estrone, a-estradiol, /3-estradiol, estriol, equilin, equilenin, and stilbestrol 
all contain phenolic hydroxyl groups, and all have an absorption band of 
medium to strong intensity between 7.95 and 8.05 ii. In the case of a- 
estradiol-3-monobenzoate and /3-estradiol-3-monobenzoate, the phenolic 
hydroxyl is esterified. Since each ester linkage has the configuration 

II II 

C — 0 — C, each possesses two C — O linkages with double bonds attached 
to the carbons. These C — 0 groups probably account for the band of 
strong intensity at 7.82 /n in the spectrum of a-estradioI-3-monobenzoate 
and at 7.89 it in the spectrum of /8-estradioI-3-monobenzoate. 

The second class of C — 0 groups (those having a carbon \vith only single 
bond linkages) includes C — 0 groups foimd in alcoholic hydro.vyl struc- 
tures. They may be expected to give absorption bands in the 9.0 to 10.0 
/i region (2, 4). Such groups are present in a-estradiol, estriol, (S-estradiol, 
a-estradiol-3-monobenzoate, and /8-estradiol-3-monobenzoate. 

a-Estradiol which has a Cn-hydroxyl trans to a Ci 3 -methyl, gives a band 
at 9.41 M- This is in accord ivith the inference made in Paper I (2) that 
steroids with a Cn-hydro.xyl trans to a Cn-methyl give a band in the region 
9.35 to 9.45 M. 
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In ^-estradiol, the alcoholic hydroxyl at Ci? is cis to the CirRiethyl. 
This is the same configuration as that of the Cirhydroxyl of androstenediol- 
3(d), 1703)* (2). However, in tlie spectra so far obtained of these two 
steroids, there is no one outstanding band at a conunon wave-length among 
the several small to medium bands in the 9.0 to 10.0 ti region. Because 
of this circumstance, a present prediction is imwarrantcd as to u hich ban 
in the 9.0 to 10.0 p. region of the spectrum of ^-estradiol results from the 
C — 0 linkage of the Cn-hydroxyl. 

The spectrum of estriol, which contams a Ci 7 -(^)-i'ydroxyl as well as 
a Cis-hydroxyl, contains two major bands at 9.27 and) 9.37 p. These 
bands probably originate from the hydroxyl groups in question. However, 
at present, neither band can be assigned to a specific hydroxyl group be- 
cause of the absence of other reference spectra of steroids contaimng 
Cifhydroxyls and the uncertainties of interpretation discussed in the 
previous paragraph. 

Another type of difficulty is encountered in the assignment, m the 9.0 
to 10.0 p region, of absorption bands to the Cir-hydroxyls of cc- and ^-estra- 
diol-3-monobenzoate. In their spectra, the three strong absorption bands 
with maviTTia near 9.20, 9.35, and 9.70 p appear to arise from the benzoate 
portion of the molecule. Their positions and intensities are such as to 
mask absorption bands of lesser intensity arising from the C 0 vibrations 
of the CiT-hydroxyl groups. 

Other Absorption Bands— In the spectra of this group of compounds, 
there are many absorption bands which cannot as yet be assigned to spe 
cific mteratomic vibrations. However, as in the case of the androgen 
series (2), certain of these bands can be attributed to unspecified vibrations 
within specific polyatomic structural configurations of the molec es. 
This can be arrived at by cross-comparisons of the spectra, and a correla- 
tion of common structural configurations and wave-lengths of absorption. 

By such cross-comparisons, it was found that a band of medium to strong 


*In the first paper of this series (2), this compound was incorrectly referred to 
as AS-androstenediol-3(a),17(3). This error in nomenclature arose from our mis- 
interpretation of the labeling of this sample, which was received from Ciba 
ceutical Products, Inc., in 1942 as 3 (t). 17 {c)-androstenediol. It was ‘ ^ 

the 3(t)-hy droxyl referred to was trans to theCio-methyl, and that the 17(c)- j oxj 
was cis to the Ci, -methyl. The compound was therefore called AS-androstendeiol- 
3(a). 1703), in conformity with the Fieser system of nomenclature. _We have since 
learned that this sample had been labeled under the Ruzicka sj stem ot nomenc a ure, 
according to which a 3(t)-hydroxyl is equivalent to a 3 (^)-hydro^-l under the hi^er 
nomenclature. We are indebted to Dr. A. F. St. Andre of Ciba PharniMeutic 
Products, Inc., for calling our attention to this error in nomenclat^e. 
tity of the original sample as A*-androstenediol-3(^),17(0) was furt er es a 
by a comparison of its spectrum with that of a sample of A*-an ros ene lo 
3(^),17(j3) recently furnished us by Dr. St. Andr^. 
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intensity is present in the range 8.60 to 8.70 n in all those compounds con- 
taining the structural configuration A. This configuration is present in 

I 

C 


(A) (B) 

estrone, a-estradiol, /J-estradioI,- estriol, equilin, a-estradiol-3-monoben- 
zoate, and /3-estradiol-3-monobenzoate. In this connection it is of interest 
that 4-hydroxy-l,2-dimethylbenzene, which has the same configuration, 
has been reported to give a strong band at about 8.65 /n (4). 

Equilenin, which contains structural configuration B, gives a strong 
band just below the 8.60 to 8.70 ^ range, at 8.54 This configuration is 
the same as is present in /3-naphthol, which has been reported to give a 
strong band at about 8.55 ix (4). Stilbestrol gives a strong band at 8.48 
H. Here the structural configuration involved is probably configuration C, 
since a number of para-substituted phenols and phenolic ethers having the 

C 


(C) (D) 

same configuration give bands in the region 8.45 to 8.52 fx (4). 

In addition to the bands in the 8.60 to 8.70 /x region, the monobenzoates 
of a-estradiol and /3-estradiol each give a band in the 8.45 to 8.50 y. region. 
It is likely that these bands are attributable to some vibration in the ben- 
zoate part of the molecules; however, absorption spectra of other ben- 
zoates are necessary to establish this possibility. 

A second region in which a band is present in the spectra of all the 
steroids reported here extends from 11.30 to 11.42 y. This band is well 
defined, though of variable intensity, in all the compounds except a-estra- 
diol-3-monobenzoate, in which it appears as a shoulder of the strong band 
preceding it. The bands in the 11.30 to 11.42 y region appear to be at- 
tributable to some vibration in structural configuration D, which is com- 
mon to all of the compounds. In assigning these bands to the configuration 
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D, their possible ori^ in configuration E, which is also common to all of 
these compounds, was considered and excluded by cross-comparisons 
with the spectra of other steroids containing configuration E. Even 


H, CH, 

C I C 


/ \ 1 / \ 

H,C C 

I 1 


cs. 


C CH, 

/H 

(E) 


though a band occurs in the 11.30 to 11.42 m region in some of the spectra 
of these other steroids, it is not consistently present as in the case with 
estrogens. 

The fact that some steroids other than estrogens give bands in the 11.30 
to 11.42 region is not unexpected, since the wave-lengths of absorption 
arising from different atomic groupings may sometimes be very close to 
one another. For the same reason, it is also not unexpected that some 
steroids besides estrogens also give a band in the 8.60 to 8.70 p region (see 
above). This circumstance, however, does not invalidate the usefulness 
of bands in these two regions in aiding in the identification of estrogens and 
related steroids. Bands in these two regions, along with a band in the 
6.20 to 6.30 p region and a band in the 6.65 to 6.70 p region, might, together, 
be considered the "characteristic” bands of these compounds. (Equilenin 
with bands at 6.21, 6.76, 8.45, and 11.38 p, is an exception.) Of all the 
steroids so far investigated, none, other than those considered in this 
paper, has a spectrum containing bands in all four of these regions. If 
an unknown steroid under investigation were to give a band of mediiun 
to strong intensity in each of these regioiis, it would be very strong pre- 
sumptive evidence that it was an estrogen. 

In conclusion, it may be pointed out that all four of these “characteristic” 
bands of estrogens and related steroids result from vibrations of atoms in 
the benaenoid ring of the molecules. Thus, the structural configuration 
which chenucally distinguishes this group of steroids from other steroids 
also distinguishes their spectra from those of other steroids. 


STJMMABT 

1. The infra-red absorption spectra, from 2 to 12.4 p, of various estro- 
gens and related steroids have been presented. 

2. Certain absorption bands in the spectra have been discussed in rela- 
tion to the chemical structure of these compounds. 
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3. Four of these bands, all arising from vibrations of atoms in the 
benzenoid ring of the molecules, may be used to distinguish the spectra of 
estrogens and related steroids from those of other steroids. 
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THE ANTISCORBUTIC PROPERTIES OF 3-:METHYL- 
ASCORBIC ACID* 

By carl S. VESTLING and MILDRED C. REBSTOCKf 

(From the Division of Biochemistry, Noyes Laboratory of Chemistry, University of 

niinois, Urhana) 

(Received for publication. May 6, 1946) 

During a series of studies of ascorbic acid derivatives an investigation of 
the physiological activity of 3-methyW-ascorbic acid was undertaken, 
Bezssonov and Sacrez (1) reported in 1937 that this compound showed 
limited vitamin C activity in the guinea pig. Precise information on 
this point is of interest since such studies might contribute to a better 
understanding of the metabolism of ascorbic acid and of the processes in- 
volved in making the 3-methyl derivative available to the animal. An 
“antivitamin” response was also considered as a possibility. 

A preliminary report from this laboratory (2) recently pointed out that 
3-methylascorbic acid has marked vitamin C activity in the guinea pig. 
E-xperimental details and further considerations are presented in this paper. 

3-Methyl-Z-ascorbic acid was first prepared by Reichstein and coworkers 
(3) and Haworth and Hirst (4) by the treatment of ascorbic acid with 
diazomethane. By a similar procedure we have obtained analytically pure, 
crystalline 3-methylascorbic acid, which has been used in these experiments. 

Young male guinea pigs were maintained on a scorbutogem'c diet, supple- 
mented daily with 5, 10, or 20 mg. of 3-methylascorbic acid or 2 mg. of 
ascorbic acid (Merck, U. S. P.). Negative control animals received no 
supplement or in some cases 50 mg. of glucose per day. In certain groups 
the supplements were fed in glucose solution by pipette; in other groups the 
supplements were mjected intraperitoneally. Both preventive and cura- 
tive experiments were carried out. Growth response and blood and adrenal 
ascorbic acid levels were measmed, the latter at the conclusion of e.xperi- 
mental periods by the method of Roe and Kuether (5). 

In every case graded responses to increasing dosage levels of 3-methyl- 
ascorbic acid were observed. It is of interest that intraperitoneal adminis- 
tration appeared to be slightly superior to feeding. Daily 20 mg. supple- 
ments injected for a period of 75 days led to approximately the same growth 
responses as were noted by injecting daily 2 mg. supplements of ascorbic 

* From a tliesis submitted by Mildred C. Rebstock in partial fulfilment of tbe 
requirements for the degree of Doctor of Philosophy in Chemistry in the Graduate 
School of the University of Rlinoia. 

t Present address. Research Laboratories, Parke, Davis and Company, Detroit, 
Michigan. 
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acid. In spite of such high dosage levels no “antivitamin” effects were 
noted in this work. 

In vitro studies were designed with the hope of elucidating the fate of 
3-methylascorbic acid in the guinea pig. A series of controlled hydrolyses 
was carried out under conditions of pH and temperature much more drastic 
than those existing in vivo. No detectable hydrolysis was observed over 
periods of several hours. The fact that 3-methylascorbic acid exhibits 
vitamin C activity in the guinea pig is striking in view of this stability. 
Hydrolysis in vivo may, therefore, be accomplished through an enzyme- 
catalyzed reaction. The high requirement indicates a low efiBciency of 
utilization. 

Evidence for hydrolysis is to be found in the presence of ascorbic acid in 
the blood and adrenal glands of animals in these experiments after 75 days 
of deficiency. Very high concentrations of the methyl derivative would be 
required to lead to such apparent levels through interference with the Roe 
and Kuether method (see “Experimental”). It seems more logical to 
assume a rapid excretion of 3-methylascorbic acid in the urine, although 
failiue in this work to devise a method for its quantitative determination 
leaves some doubt at this point. 

BXPEBnrBNTAIi 

Preparation and Properties of S^Methyl-l-ascorbic Acid — 1-Ascorbic acid 
(Merck, U. S. P., 6 gm.) was dissolved in 90 ml. of absolute methanol. The 
solution was filtered and cooled to approximately —40® by means of a 
methyl cellosolve-COj bath. An ethereal solution of diazomethane pre- 
pared from nitrosomethylurea (6) and similarly cooled was added dropwise 
from a separatory fuimel at a fairly rapid rate \mtil decolorization did not 
immediately follow each addition. When a precipitate separated near the 
end of the reaction, the solution was allowed to warm slightly until the 
material had redissolved before addition of diazomethane was continued. 
At the end of the reaction the solvent was removed under reduced pressure. 
Seeding the syrup with a few crystals of 3-methylascorbic acid at this step 
hastened crystallization materially. After the product had stood for a few 
hours in vacuo to complete crystallization, the solid material was taken up 
in 130 to 150 ml. of cold acetone. An insoluble residue consisting of 
unchanged ascorbic acid and 1-methylheteroascorbic acid (7) was removed 
by filtration. Crystallization was brought about by adding dry low boiling 
petroleum ether slowly to tvubidity. Fine white needles, melting at 
122.0-122.5° (corrected) after three recrystallizations, were obtained. The 
yield of the three times recrystallized product was 64.9 per cent in one 
preparation. 

CjHioO* (190.16). Calculated, C 44.21, H 6.30; found, C 44.34, H 6.42 
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Two 20 mg. samples were titrated with standard alkali with phenol- 
phthalein as an indicator and required 0.89 and 0.88 moles of alkali per 
mole of compound for neutralization. To accoimt for this reaction the 
possibility that substitution of a methyl group in the 3 position increases 
ioinzation in the 2 position has been suggested by Haworth and Hirst (4). 

Heating 3-methylascorbic acid with n NaOH resulted in the development 
of a brilliant yellow color which disappeared upon neutralization. It was 
not possible to employ this color reaction for the quantitative determina- 
tion of 3-methylascorbic acid in biological material because of the presence 
of other substanees which respond similarly. 

Vilamin C Aclivily of 3-Metiiyl-l-ascorbic Acid in the Guinea Pig — Young 
male guinea pigs maintained on a scorbutogenic diet of P*urina rabbit chow 
checkers (8) were employed in these studies. Daily supplements of 5, 10, 
or 20 mg. of 3-methylascorbic acid were administered orally or by intra- 
peritoneal injection. The response was compared with that of negative 
control animals and of positive control animals receiving 2 mg. of ascorbic 
acid by either route. Solutions for administration were made up with 
boiled distilled water immediately prior to use. Oral supplements were 
given in 2 ml. of a freshly prepared solution containing 50 mg. of glucose. 

All preparations of 3-methylascorbic acid were tested for residual ascorbic 
acid by titrating 40 mg. samples with 2,6-dichlorophenol indophenol. 
Values within the range, 0.005 to 0.027 mg. of ascorbic acid per 20 mg. of 
methyl derivative, were foxmd. In view of the ascorbic acid requirement 
of the guinea pig these amounts are negligible. 

Groups of four or more nnimalR were employed to test the various dosage 
levels and to compare oral with intraperitoneal administration. In addi- 
tion, both preventive and curative experiments were designed. A pre- 
ventive experiment involved adnunistration of the test compound daily 
from the beg innin g of a period. In curative studies animals were allowed 
to develop gross symptoms of scurvy before the supplements were added. 
In the latter tests it is important to begin supplementation before the so 
called “irreversible” point, beyond which not even ascorbic acid will effect 
a cure. 

The growth response of typical experimental nnimals is summarized in 
Figs. 1 and 2. Table I contains a summary of the growth and analytical 
data for animals on a 3-methylascorbic acid preventive type of experi- 
ment, with supplements at the 20 mg. level. 

The growth data show conclusively that 3-methylascorbic acid has vita- 
min C activity in the guinea pig. Curves are shown for twelve out of a 
total of 68 animals on which complete studies were made. From the growth 
results it appears that 20 mg. of 3-methylascorbic acid per day make avail- 
able to the guinea pig slightly less than the equivalent of 2 mg. of ascorbic 
acid per day. 
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Observation of the behavior of the animals during experimental periods 
together with an analysis of the blood and adrenal ascorbic acid levels sub- 
stantiates the above conclusions. To determine blood and adrenal ascorbic 
acid the method of Roe and Kuethcr (5) was employed. The blood analy- 
ses were carried out in the usual manner. 

The method was adapted for the determination of adrenal ascorbic acid 
as follows. Upon sacrificing an animal the adrenal glands were carefully 
removed, weighed quickly, and ground in a mortar with 5 ml. of 1.5 per 
cent CCI3COOH and a small amount of washed sand. Filtered extracts 
and washings were diluted to 25 ml. with 1.5 per cent CCI3COOH, except 


T.vble I 

Effect of 3-Mcthiilascorbtc Acid on Blood and Adrenal Ascorbic Acid and Weight Gains 


Guinea pi^ 
No. 

Supple- 

ment* 

Method of 
ndmlnistrallonl 

Duration of 
experiment 

Adrenal 
ascorbic acid, 
total 

Blood 

ascorbic acid 

Weight gain, 

75 days 




days 

njt. X 100 

m[. per cent 

Xffl. 

63t 



27 

0.41 

mSM 


71 1 



27 

0.31 



73t 



32 

0.19 

0.03 


39 

M. 

0 . 

75 

1.50 

0.17 

290 

40 


<< 

75 

1.94 

0.07 

320 

41 

tt 


75 

2.00 

0.06 

323 

42 

<( 

it 

SO 

1.75 

0.07 

230 

43 

it 

I. 

76 

3.19 

0.03 

370 

44 

H 

<( 

76 

2.25 

0.06 

391 

45 

ti 


82 

3.06 

0.05 

430 

46 

it 

“ 

SO 

2.25 

0.05 

410 

47 


“ 

77 

9.45 

0.17 

397 

48 


it 

77 

9.75 

0.16 

393 

49 


0 . 

76 

3.88 

0.13 

422 

50 

mm 

it 

76 

6.43 

0.15 

383 


*M. = 3-methylascorbio acid (20nig, perday); A. = ascorbic acid (Smg.perday). 
t O. = oral; M. = intraporitoneal injection, 
t Negative controls. 


in the case of negative control animals in which the dilution volume was 

12.5 ml. 10 ml. portions of the diluted extracts were added to 10 ml. of 

7.5 per cent CCbCOOhl, and the analyses completed in the usual manner. 
It was found necessary to prepare the 2,4-dinitrophenylhydrazine reagent 
fresh each day in order to get consistent results. Table I shows summarized 
data for three negative control animals, for four positive control animals, 
and for all the animals receiving 20 mg. supplements of 3-methylascorbic 
acid in preventive experiments. 

The tissue analyses define groups of animals more sharply than do the 
growth data. In these studies a marked distinction between positive con- 
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Fiq. 1. PreventiTe experiments. Guinea Pig 5, 10 mg. of 3-methylascorbic acid 
(oral); Guinea Pig 21, negative control; Guinea Pig 30, 5 mg. of S-methylascorbio acid 
(injection); Guinea Pig 40, 20 mg. of 3-nietIiylascorbic acid (oral); Guinea Pig 48, 
2 mg. of ascorbic acid (injection); Guinea Pig 46, 20 mg. of 3-methylascorbic acid 
fmjection). 



PiQ. 2. Curative experiments. Guinea Pig 12, 5 mg. of 3-methylascorbic acid 
(oral) ; Guinea Pig 16, 10 mg. of 3-methylascorbic acid (oral) ; Guinea Pig 20, nega- 
tive control; Guinea Pig 24, 2 mg. of ascorbic acid (oral); Guinea Pig 56, 20 mg. 
of 3-methylascorbic acid (oral); Guinea Pig 74, 20 mg. of 3-methylascorbic acid 
(injection). The arrows indicate the beginning of daily supplementation. 
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trol animala and the group receiving 20 mg. supplements of 3-methyl- 
ascorbic acid exists. 

The following experiment was designed to test the possibility of inter- 
ference of 3-methylascorbic acid with the Roe and Kuether method. Vary- 
ing amounts of analytically pure material were added to samples of fresh 
rabbit blood. When a concentration of 40 mg. per cent of 3-methylascorbio 
acid was used, an interference of 0.28 mg. per cent was found. If this 
interference ratio (143:1) is applied to the adrenal analyses in the case of 
Guinea Pig 46 (the weight of the adrenal glands = 315 mg.), the presence 
of 3.2 mg. of 3-methylascorbic acid is indicated. The total amount of 
ascorbic acid present in normal guinea pig adrenal glands is about 0.05 to 
0.10 mg. (see Table I). It seems unlikely, therefore, that the analytical 
data for adrenal tissue are affected by the presence of 3-methylascorbic acid. 

In the preventive experiments of long duration the animals receiving 
3-methylascorbic acid were less active than positive controls. This is par- 
ticularly true of those animals receiving the derivative orally. One member 
of this latter group showed a definite “scurvy” involvement of the hind 
limbs, which observation is consistent with the idea that a state of mild 
vitamin C deficiency existed. In addition, in curative experiments at the 
20 mg. level the animals receiving 3-methylascorbic acid seemed to recover 
more slowly than ascorbic acid controls. 

The metabolism of 3-methylascorbic acid is an interesting problem. The 
high requirement and a consideration of data from the animal experiments 
which have just been described indicate that the derivative itself is not 
utilized but undergoes conversion to ascorbic acid in the animal. Such a 
process appears to be inefficient. Experiments were, therefore, designed to 
investigate hydrolysis. 

In Vitro Hydrolysis of 3-Methyl-l-ascorbic Acid — ^The following procedure 
was employed in these studies. Samples of 13 mg. of ascorbic acid and 
14 mg. of 3-methylascorbic acid were dissolved in 25 ml. portions of con- 
ductivity water at a given pH and temperature. Previous to the addition 
of the above substances the water had been deaerated with wet, oxygen- 
free nitrogen for 30 minutes. Dining the experimental period a continuous 
stream of nitrogen was conducted through all systems and the temperature 
was controlled by means of a water bath. From time to time 1 ml. samples 
were withdrawn, acidified, and titrated immediately ivith standardized 
2,6-dichlorophenol indophenol (concentration 50 mg. per 600 ml.). 

At pH 1.6 substantially no ascorbic acid was destroyed in the control 
system. The conclusion that no hydrolysis occurs under these conditions 
is justified, since no ascorbic acid could be detected in the 3-methyI system. 

At pH 11.1 the situation is comparable. However, a slow destruction 
in the ascorbic acid system was observed so that traces of hydrolysis might 
have escaped notice. 
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In 1.0 N NaOH, under which conditions the lactone ring is opened and 
ascorbic acid destroyed, the results were somewhat irregular, but there were 
no indications that ascorbic acid was formed from 3-methylascorbic acid. 
The solution of methyl derivative was observed to turn yellow while that 
of ascorbic acid itself tmmed lavender with heating. 

In Viio Hydrolysis of S-Melhyl-l-ascorbic Acid — ^Attempts to demonstrate 
in vivo hydrolysis by a rise in the blood ascorbic acid level of rabbits receiv- 
ing 10 and 12.2 mg. of the methyl derivative per kilo by way of the ear vein 
led to negative results. No rise in blood ascorbic acid could be detected 
when samples were taken at intervals and analyzed by the Roe and Kuether 
procedure. However, a slow rate of hydrolysis would not be detected 
under these conditions. 

The possibility of an enzyme-catalyzed reaction was considered. Pre- 
liminary attempts to isolate an enzyme system from the following guinea 
pig tissues were made: liver, kidney, adrenal, small intestine, blood. Each 
material except blood was placed in Ringer-Locke’s solution (9), ground 
briefly with sand, and tested for hydrolytic activity. Control systems con- 
tained ascorbic acid. No increase in indophenol-reducing activity was 
detectable in any system after 3^ hours incubation at 37°. This negative 
result must, of course, be checked by a more carefidly restricted technique. 

SDMMABY 

The antiscorbutic properties of pure, crystalline 3-methylascorbic acid 
have been investigated in a series of preventive and ciumtive experiments on 
young male guinea pigs. Daily supplements of 20 mg. of 3-methylascorbic 
acid, when fed or injected intraperitoneally, provide the guinea pig with 
slightly less than the equivalent of 2 mg. of ascorbic acid. Intraperitoneal 
injection results in more efficient utilization of the derivative than oral 
administration. 
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URINARY EXCRETION OF a-AIVUNO NITROGEN FOLLOWING 
INTRAVENOUS ADAHNISTRATION OF AAIINO 
ACID MIXTURES 

Br ROBERT H. SILBER, A. O. SEELER, a^-d E. E. HOWE 
With the Technical Assistance of G. Richaeds 

(From the Merck Institute for Therapeutic Research and the Research Lahoraiories 
of Merck and Company, Inc., Rahway, New Jersey) 

(Received lor publication, April 27, 1&46) 

It has recently been reported (Howe, Unna, Richards, and Seeler (1)) 
that an amino acid mixture consisting largely of the essential amino acids 
in their natural form can be administered to dogs intravenously without 
gross Ul effect at much faster rates than can a similar mbcture which con- 
tains a larger proportion of racemic amino acids. Since the rapid admin- 
istration of amino acids might result in their increased loss in the mine, as 
suggested by Elman and Weiner (2), experiments were undertaken to deter- 
mine whether the practical advantages offered by an increase in the rate 
of infusion might be offset by a greater loss of amino acids in the urine. 

Studies were also carried out on the relation of the urinary excretion of 
o-amino nitrogen both to the type of amin o acid preparation infused and 
to the state of protein depletion of the animal. The rate of removal from 
the circulation was determined by measurement of the plasma amino acid 
levels, and urines were analyzed for the ten essential amino acids by the 
procedure of Stokes, Gunness, Dwyer, and Caswell* (3). 

Methods 

In all e.xperiments on the relation of a min o acid e.xcretion to the rate of 
mfusion three healthy adult mongrel dogs weighing 10.3 kilos were used. 
These animals presumably had normal protein stores, as they had been 
maintained for several months on a diet of Gaines’ dog meal supplemented 
with horse meat and milk. Food was withheld 18 to 24 hours before each 
infusion and the interval between infusions was not less than 4 days. The 
amino acid solutions were injected into a leg vein by means of a variable 
speed perfusion pump. In one experiment the amino acids were introduced 
by stomach tube. The dogs were placed in metabolism cages immediately 
after the injections, and 24 hour urines were collected under toluene. Sam- 
ples of venous blood were withdrawn immediately before infusion and at 
intervals of 5, 30, 60, and 180 minutes afterwards. 

* We are greatly indebted to Dr. J. L. Stokes of the lEcrobiological Laboratories 
of Merck and Company, Inc., for all microbiological assays reported in this com- 
muiucation. 
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The experiments on the relation of amino acid excretion to the state of 
protein depletion of the dogs were carried out on the same three animals. 
The dogs were placed on Diet 621, which contains 0.01 per cent nitrogen 
(Kjeldahl): dextrose 71 percent, Crisco 21 per cent, Mazola 0.15 per cent. 
Salt Mixture 1 (U. S. P. XI) 3 per cent, bone ash 2.85 per cent, and cod 
liver oil 2 per cent. Each dog was given a daily supplement of 1.0 mg. of 
thiamine, 1.0 mg. of riboflavin, 1.0 mg. of pyridoxine, 20 mg. of nicotinic 
acid, 40 mg. of calcium pantothenate, 200 mg. of inositol, and 200 mg. of 
choline chloride. The adequacy of a similar diet, including 30 per cent 
of casein as the source of nitrogen (Diet 620), for maintenance of dogs has 

Tad LB I 


Per Cent Composition of Amino Acid Mixtures 



MLiture Vuj 

Mixture VujN 

^(-^-)-Arginine HCl 

8.0 

8.0 

l(-l-) -Histidine HCl-HiO 

•1.0 

4.0 

Z(-i-) -Isoleucine 

7.8 

dZ-Isoleucine 

10.8 


2(+)-Leucine 

15. i 

17.5 

Z(+).Ly8ine HCl 

12.3 

12.3 

Z(— )-Methionina 

5.5 

dZ'Methionine 

6.1 

1.2 

Z(— )-Phenylalanine 

8.7 

dZ-Phenylalanine 

6.9 


Z(— ) -Threonine 

1.7 

dZ-Threonine 

10.8 

7.4 

dZ-Tryptophane 

Z(-l-)-Valine 

1.8 

1.8 

6.1 

di-Valine 

13.9 


Glycine 

10.0 

10.0 



100.0 

92.0 



been reported previously from this laboratory (Silber (4); Seeler and 
Silber (5)). 

The amino acid mixtures were infused after the dogs had been on the 
protein-free diet for 10, 20, 30, and 35 days. To determine the effect of 
other dietary protein levels on excretion of intravenously administered 
amino acids, the dogs were each subsequently fed, in addition to Diet 621, 
a daily supplement of 10 gm., 20 gm., and finally 60 gm. of casein plus 50 
gm. of horse meat for 20 day periods. At the end of each feeding period, 
an amino acid mixture (VujN) was administered as before, at the rate of 
6 mg. of N per kilo per minute. 
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The composition of the two amino acid preparations is shown in Table I. 
AExture Vuj was devised and studied by Madden and Clay (6) and has 
been used clinically. This mixture contains 50 per cent of its amino acids 
in racemic form and henceforth will be referred to as the racemic mixture. 
Mixture VujN has been described by Howe et al. (1) and is very similar to 
mixture Vuj in its amino acid pattern, but only 10 per cent of its amino 
acids is in the racemic form. 8 per cent of the nitrogenous material of this 
mixture has not been identified, but probably consists of non-essential 
amino acids in the I form. This mbctme will be referred to as the natural 
mixture. 

The mixtures were administered as 8 per cent solutions at pH 6.8. The 
nitrogen content of the solutions was approximately 1.1 gm. per 100 cc., 
of which about 0.84 gm. was a-amino nitrogen. In all experiments the 
total amount of nitrogen administered was 220 mg. per kilo. Control 
urines were collected for analysis once while the dogs were on stock diet and 
the day previous to each test thereafter. 

a-Amino nitrogen determinations were performed by the ninhydrin 
procedures (Hamilton and Van Slyke (7); Van Slyke, MacFadyen, and 
Hamilton (8)), total nitrogen by micro-Kjeldahl with selenium and pero.x- 
ide for digestion, and urea and ammonia nitrogen by the Conway diffxision 
method (Conway and O’Malley (9)). Serum protein levels were deter- 
mined by the method of Lowrj' and Hastings (10). 

Results 

The total amoimts of a-amino nitrogen recovered from the urines in 24 
hours, following the intravenous administration of the racemic and the 
natural anuno acid mixtures at rates of 2, 6, and 12 mg. of nitrogen per 
Idlo per minute, are shown in Table II. For comparison the 24 hour e.xcre- 
tion data following the oral administration of an eqmvalent amoimt of the 
natural mixture are shown. In addition the amounts of a-amino nitrogen 
e.xcreted by the dogs during 24 hoius of fasting and during 24 hours on a 
normal diet are given. The figures in parentheses give the percentage 
recovery in terms of the total amount of a-amino nitrogen administered. 

The difference in a-amino nitrogen excretion after infusion of the two 
Riixtures at all three rates was striking. The amount of a-amino nitrogen 
recovered in the urine was consistently greater after the infusion of the 
racemic mixture than after infusion of the natural mixture. The amount 
of a-amino nitrogen found in the urine after the racemic mixture was given 
increased iu rough proportion to the rate of infusion. When the natural 
mixtme was given intravenously at the slow rate (2 mg. of N per kilo per 
minute), the amount of a-amino nitrogen in the urine was no greater than 
that excreted by the dogs on a normal diet or when the same mixture was 
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Tadlb II 


Urinary Excretion of a- Amino Nitrogen after Administration of Amino Aeid Mixtures, 

in Mg, per Hours* 


Dog 

No. 

Fasted 

Nor- 

mal 

diet 1 

Oral, 

Mixture 

VujN 

Iotraveoou3, mliture 

Vuj 

VujN 

Vuj 

VujN 

1 Vuj 

VujN 

N, mg. per kilo per min. 

2 

2 

6 

6 

12 

12 

333 


i 

85 j 

75 (3) 

230 (12) 

130 (6) 

310 (18) 

265 (13) 

450 (25) 

245 (13) 

530 

2'1 

85 

105 (5) 

205 (11) 

90 (4) 

360 (20) 

220 (11) 

385 (21) 

200 (10) 

535 


30 

80 (-1) 

220 (11) 

50 (2) 

355 (20) 

280 (15) 

410 (22) 

335 (16) 


* The hgurca in parentheaca represent the per cent of the doae excreted. 


Table III 


Plasma a-Amino Nitrogen Levels after Intravenous Infusions (Averages, in Mg. Per 

Cent; Two Dogs) 


Diet No. 1 

N 

Time alter infusion 

Omia. 5 min. 30 mm. | 60 mm. ISOmio. 


IV 

lixture VujN 


Stock 

mg, per 
kg, }cr 
mtn. 

Oral 

4.2 

5.2 

8.5 

10.8 

5.1 


2 ' 

4.8 

10.6 

7.7 

5.6 

5.3 


6 

5.4 

29.0 

12.2 

8.1 

5.4 


12 

4.6 

38.0 

12.8 

10.2 

6.5 

621, 10 days 

6 

5.1 

19.0 

11.8 

8.4 

6.1 

20 “ 

6 

5.1 

18.8 

12.4 

8.5 

6.0 

30 “ 

6 

5.2 

23.0 

12.3 

8.8 

6.1 

621 + 10 gm. casein per day, 

6 

5.6 

23.5 

14.9 

10.3 

6.1 

20 days 







621 + 20 gm. casein per day. 

6 

4.6 

23.2 

12.3 

8.0 

4.8 

20 days 





1 


621 + 60 gm. casein and 50 

6 

4.8 

25.5 

12.6 

8.2 

4.7 

gm. meat per day, 20 days 








Mixture Vuj 


Stock 

2 

4.1 

9.8 

mm 

5.5 

4.7 


6 

6.4 

28.6 


9.7 

6.9 


12 

4.2 

36.6 


8.0 

5.0 

621, 35 days 

6 

5.7 

25.3 

■■■ 


6.2 
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given orally. When the rate of infusion was increased from 2 to 6 mg. of 
N per kilo per minute the e.xcretion increased about 3-fold. However, in 
contrast to the results •with the racemic mixture, when the rate of infusion 
of the natural mixture vras increased from 6 to 12 mg. of N per kilo per 
minute, there was no increase in amino acid excretion. 

When the control urines and the urines collected after administration of 
MLxture VujN were hydrolyzed with 20 per cent hydrochloric acid for 6 
hours at 120°, the a-amino nitrogen concentration of the urines increased, 
but the increase was no greater in the urines of dogs given Mixture VujN 
than in the control urines. The total amount of “bound” a-amino nitro- 

Table rv 

Weights {Kilos) and Serum Protein Values {Gm. Per Cent) of Dogs on 
Experimented. Diets 


Prottia>{ree Diet 621 



i 0 (2jy 1 

IQ days j 

1 20 days j 

1 30 days 


Weight 

Senmi 

protein 

Weight 

Serum 

protein 

Weight 

Serum 

protein 

Weight 

Serum 

protein 

333 

10.3 

5.0 

10.0 

4.9 

9.5 

5.2 

9.4 

4.5 

530 

10.3 

5.0 

9.8 

5.5 

9.0 

4.6 

8.4 

4.9 

535 

10.3 1 

6.5 

9.9 

4.9 1 

9.2 

5.3 

8.9 

4.8 


Proteia'Cree Diet 

j 

Diet 621 + 10 551, ^ 

ca.%e in per day 

Diet 621 4* 20 gm. 
casein per day 

Diet 621 + 60 r"- 
caaeln and 30 53 . meat 
per day 


35 dayj 

todays 

20 days 

20 days 

1 

Weight 

Semin 

protein 

Weiiht 

Serum 

protein 

Weight 

Serum 

protein 

Weight 

Serum 

protein 

333 

9.1 

4.1 

9.15 

4.7 

9.85 

5.1 

10.75 

5.4 

530 

8.3 

4.3 

8.1 

4.7 

8.8 

5.3 

10.15 

5.55 

535 

8.5 

4.5 

8.7 

4.8 

9.45 

5.3 

10.75 

5.95 


gen excreted by the dogs when fed the stock diet averaged 45 mg. per day; 
when infused at rates of 2, 6, and 12 mg. of N per kilo per minute, 35, 37, 
and 46 mg. per dog per day, respectively. After Mixture VujN infusion 
to protein-depleted dogs, 46 mg. of “bound” a-amino nitrogen were e.x- 
creted in 24 hours. 

5 minutes after the infusions the plasma levels were found to be elevated 
roughly in proportion to the rate of administration (Table HI), but in all 
experiments the levels were approximately normal at the end of 3 hours. 
No significant difference in plasma levels was observed after the admin- 
istrarion of the two mixtures at the same rates. Following oral adminis- 
tration, the highest plasma concentration was observed after 1 hour. 
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On completion of the experiments described above, the three dogs were 
placed on the protein-free diet. The data in Table IV show the effect of 
this diet on body weight and serum protein levels. Infusion w'as carried 
out at 10 day intervals with the natural mixture at a rate of 6 mg. of N per 
kilo per minute. The amount of a-amino nitrogen excreted in the urine 
decreased rvhen the dogs were depleted (Table V). After 20 days on the 
protein-free diet there was as little amino nitrogen excreted following 
fairly rapid intravenous administration of the natural amino acid mixture 
as there was when the mixture was given by mouth to the same dogs before 
depletion. When the dogs were deprived of protein for 35 days, neither 

Table V 

Effect of Dietary Protein Level on Excretion of a-Amino Nitrogen {Mg. Per 34 Hours) 
Following Intravenous Infusion of Amino Acid Mixtures at B Mg. of N Per Kilo 

Per Minute* 


Dog No. 

Protein-free Diet 621 

Diet 621 
-i- 10 gm. 
coxein per 
day 

Diet 621 

20 gm. 
casein per 
day 

Diet 621 + 
60 gm. 
casern and 
50 gm. meat 
per day 




Mixture 

mi 

Mixture 

Mixture 

Mixture 

Mixture 

Mixture 

1 


VuiN. 

VuiN, 

VuiN. 

VuiN, 

Vui, 1 

VuiN, 20 

VuiN, 20 

VuiN, 20 




10 days 


<30 days 

35 days 

days 

days 

days 

333 

1 340 

265 

145 

95 

1 


170 

235 

325 


i (18) 

(13) 

(7) 

(5) 



(10) 

(13) 

(17) 

530 

360 

220 

140 

95 

120 

195 

110 

150 

265 


(20) 

(11) 

(7) 

(5) 

(7) 

(13) 

(7) 

(9) 

(14) 

635 

1 355 

2S0 

170 

' 105 

1 165 

380 


260 

290 


(20) 

(15) 

(9) 

(6) 

(10) 

(22) 


(15) 

(15) 


* The figures in parentheses represent the per cent of the dose excreted. 


urinary nor plasma levels showed a consistent increase in retention of the 
racemic mixture. 

When the dogs were fed 10 gm. of casein per day for 20 days, with no 
increase in Aveight and very little increase in serum protein level, the excre- 
tion of amino acids after infusion of t^e natural mixture was the same as 
that found after rvithholding protein for 10 or 30 days. After feeding 20 
gm. of casein per day for 20 days, however, there was definite improvement 
in weight and serum protein levels, and the increased urinary loss of amino 
acids after infusion indicated that the protein reserves had been replaced. 
After consuming the high protein diet, the dogs recovered completely and, 
when infused with the natural mixture the amino acid content of the urine 
was slightly greater than when the dogs were fed the stock diet. 

After administration of about 2 gm. of nitrogen in the form of amino 
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add mixtures, the total nitrogen in the urine generally increased about 1 
gm. over that excreted by the fasting dogs before dosing. While the dogs 
were maintained on the stock diet, the urea nitrogen made up 70 to 80 per 
cent and the ammonia nitrogen about 5 per cent of the total nitrogen 
whether the dogs were dosed, fasted, or fed. When the protein intake had 
been restricted for 30 days the 24 hour fasting excretion of nitrogen de- 
creased to 0.71 gm., of which only 40 per cent was urea nitrogen and 20 
per cent was in the form of ammonia. Typical data have been summarized 
in Table VI. 


T.4BLE VI 

Nitrogen Analyses of Urines of Dogs Giien Mixture VujN (Averages, in Gm. of N 

Per 2i Hours) 



Stock, diet 

Protein-lxee diet 

■ 






10 th 


20 th 



jQlh 


Fmed 

Fed 

Onl 

Iotix> 

venocs 

9th day, 
fax tea 

day, 

iatra- 

19ihday, 

footed 

day, 

mtra> 

29th day, 
fasted 

day, 

intro- 







venons 


venocs 



veaotis 

Dose, N 

■ 


2.2S 

2.36 


2.17 


2.03 



1.S9 

Total ‘‘ 


8.2 

3.71 

5.06 

1.27 

o 24 

0.83 

1.52 


1.73 

Urea “ 


6.3 

2.59 

4.13 

0.66 

1.32 

0.37 

0.81 

0.31 

0.55 

XH,-N 

0.09 

0.16 



0.12 

0.13 

0.09 

0.23 

0. 

14 

0.54 

a-.XHj-N 

0.02 




O.OH 



0.10 

0.015 



ProUia-frcc diet + 10 ga. 

Proieb-frce diet 20 gm. 

Protcin-free diet 4- W ga. 



exsem daily 


ra-wn dxfly 

meat daily' 



19th d&y. 

2Qth day. 

19th day. 

20th day. 




futed 

Intrxveoous 

futed 

Litrave&ou& 



Dose, N 







2.06 



2 

32 

Total “ 

1.2 


0.91 



2.06 

3.76 


4.08 

Urea “ 

0.66 

0.77 

0.45 



1.40 

2.63 


2 

50 


0.14 

0.069 

0.26 



0.23 

0.19 


B]l» 

o-NHi-N 

0.015 

0.14 

0.015 


0.22 

0.024 

111 


Microbiological assays showed that, although the pattern of the essential 
amino acids excreted in the urine did not resemble the pattern of amino 
acids administered (Figs. 1 and 2), it was essentially the same whether the 
dogs had normal or subnormal protmn reserves at the time of infusion. 
The proportions of lysine, threonine, and histidine were higher in the urine 
than in the mixtures infu-sed. Ar ginin e was excreted in about the same 
proportion as it was administered. The remaining six amino acids were 
found in the urine in smaller proportions than in the mixture. The frac- 
tions of histidine, threonine, and lysine which w'ere found in the urine after 
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An cin I 



ARG. HIST. ISOL. L£UC. UYS. 


□ VujN 

OUrin« of normal do^t, infustd 
■ Urins of 20 days dipitled dogs, inluied 



METH. PHEN. THRE. TRYP. VAL 



ARC. HIST. ISOL. LEUC. LYS. 


DVuj 

Qurint of normal dogs, Infused 
HUrIne of 35 doys depleted dogs, infused 


n=m m 

METH. PHEN. THRE. TRYP. VAL. 



Q VujN, normol ^Vuj, normol 

^VujN, depleted |Vuj, depleted 



Fig. 1. Essential amino acid pattern in Mixture VujN and in urines after Mixture VujN 
infusion. 

Fig. 2. Essential amino acid pattern in Mixture Vuj and in urines after Mixture Vuj 
infusion. 

Fig. 3. Per cent excretion of individual f-amino acids after infusion of normal and depleted 
dogs. 
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infusion of the natural mixture ranged between 13 and 15 per cent of the 
amount administered, whereas only 1.5 to 3 per cent of the tryptophane, 
leucine, methionine, phenylalanine, isoleucine, and valine was excreted 
(Fig. 3). 


DISCUSSION 

Eapid infusion of the natural mixture (containing 10 per cent racemic 
amino acids) into normal dogs resulted in the loss of only 13 per cent of the 
amino acids in the urine. Since 4 per cent was lost even after oral or slow 
intravenous administration, the net loss resulting from the increased rate 
was only 9 per cent. 

However, when the racemic mixture (containing 50 per cent racemic 
amino acids) was infused at the rapid rate (12 mg. of N per kilo per min- 
ute), 23 per cent was lost in the urine. At the slow rate (2 mg. of N per 
kilo per minute) 11 per cent was excreted. Thus, the higher concentration 
of racemic amino acids apparently was responsible for the urinary loss of 7 
to 10 per cent more of the mixture. Calculations based on microbiological 
assays for the ten essential amino acids indicated that there was a larger 
proportion of d forms in the urines of dogs given this mixture. Since the 
plasma levels of a-amino nitrogen were almost identical, whether the 
infused mixture centred 5 per cent or 25 per cent d-ammo acids, it is sug- 
gested that the moreased ur inar y amino acid excretion in the latter case 
resulted from a lower kidney threshold for the d forms. 

It is of interest that the excretion did not vary directly with the rate of 
infusion, particularly at the higher rates. There was no increase in urinary 
a min o acid when the rate of administration of the natural mixture w-as 
increased from 6 to 12 mg. of N per Idlo per minute. Furthermore, when 
the rate of infusion of the racemic mixture was similarly doubled, the loss 
in the urine increased only slightly, from 19 to 23 per cent. 

A state of depleted protein reserves, induced by feeding a diet free of 
protein, decreased the urinary loss of the natural mixture by 50 per cent 
irithout showing any increase in plasma levels, although the decrease in 
blood volume in such dogs (Weech, WoUstein, and Goettsch (11)) might be 
expected to cause an increase in plasma levels. It has been reported by 
Goettsch, Lyttle, Grim, and Dunbar (12) that, when dogs on low protein 
diets are given amino acid mixtures intravenously, the plasma amino acid 
levels are elevated as a result of a reduction in the deaminating function 
of the liver. According to Elman and Heifetz (13), liver damage parallels 
the decrease in serum protein level in such dogs. However, there is no 
evidence that the deaminating function of the liver was disturbed in the 
above experiments. 

On the basis of the decreased excretion of the natural mixture by dogs 
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fed the protein-deficient diet and the slightly increased excretion by dogs 
fed a high protein diet, it appears that a test of protein reserves might be 
feasible, with a standardized amino acid mixture and uniform rate of infu- 
sion. As in other tests of this type, it is obvious that pathological states 
which interfere with the normal excretory function of the kidney or utiliza- 
tion of the test material (amino acids) tend to invalidate the results. After 
feeding dogs the protein-free diet for 35 days, the subsequent feeding of 
about 1 gm. of casein per kilo per day was insufficient to restore body 
weights and serum protein levels to normal, and the excretion of amino 
acids after administration of the natural mixture was no greater than when 
the protein-free diet was supplied. However, when the daily casein intake 
was doubled, the animals appeared to be practically normal after 20 days 
and their excretion of amino acids after infusion of the natural mixture 
averaged 12 per cent. Before depletion 13 per cent was excreted after 
infusion of this amino acid mixture at the same rate. When the dogs were 
infused after consuming the high protein diet, 15 per cent of the adminis- 
tered amino acids was excreted in the urine. 

The similarity of the patterns of the essential amino acids in the urines 
of dogs wth normal and subnormal protein reserves alter infusion of an 
amino acid mixture indicates that the dog retains approximately the same 
combination of amino acids, whether depleted or not. The quite different 
pattern of the amino acid mixture administered from that of the excretion 
pattern suggests that the mixture may not be ideal — that the proportion 
of amino acids in the mixture is not the same as that utilized by the dog, or 
that certain amino acids are lost in the urine in disproportionately large 
amounts as a result of differences in kidney clearance (Pitts (14)). If the 
first hypothesis is correct, lysine, threonine, and histidine are present in 
excess in the mixture, and others are lacking. However, if the second 
hypothesis holds true, the mixtures might be altered in the reverse manner 
to make up for the inability of the kidney to retain these three amino acids. 

SUMMARY 

1. The intravenous infusion of 220 mg. of nitrogen per kilo in the form 
of an amino acid mixture (VujN), consisting essentially of the I forms, to 
normal dogs at a fast rate (12 mg. of N per kilo per minute) resulted in a 
loss of 13 per cent in the urine. When the mixture was administered intra- 
venously at one-sixth this rate, or orally, 4 per cent appeared in the urine. 

2. When a mixture containing 50 per cent racemic amino acids (Mixture 
Vuj) was infused at the fast rate, 23 per cent was lost in the urine. At three 
rates of infusion, 6 to 10 per cent more of this mixture was excreted than 
after infusion of the mixture which contained only 10 per cent racemic 
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amino acids. This appeared to be due to a lower kidney threshold for d- 
amino acids. 

3. The urinary excretion of amino acids by dogs given an amino acid 
mixture intravenously decreased 30 to 50 per cent during protein depletion. 
A daily dietary supplement of 10 gm. of casein to the previously depleted 
dogs had little, if any, effect on excretion of the amino acid mixtrrre. The 
urinary excretion of amino acids after infusion of the amino acid mixture 
■was essentially the same whether the dogs were fed the stock diet or 20 gm. 
of casein per day, but after increasing the protein intake by feeding 60 gm. 
of casein and 50 gm. of meat daily, the excretion of the amino acid mixture 
was slightly increased. These results indicate that amino acid excretion 
after infusion of a standardized amino acid mixture mi gh t reflect the state 
of protein reserves. 

4. The pattern of the essential .amino acids in the urines of dogs given 
amino acid mixtures did not resemble the pattern of the mixtures infused, 
and was not greatly altered by protein depletion. 
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Several species of animals are able to synthesize the corresponding mer- 
capturie acids from ingested halogenated benzenes (2), naphthalene (3), 
anthracene (4), benzyl chloride (5), and p-bromobenzyl bromide (6). The 
synthesis of the above mercaptuxic acids was established by the isolation 
of the acids from the urine of animals and identification of the substances 
by analysis and comparison with authentic synthetic products. 

Circumstantial evidence for the synthesis of the corresponding mercap- 
turic acids in animals from administered phenanthrene (7), benzene (8), 
diphenyl (9), cholic acid (10), methylcholanthrene, pyrene, and 3,4-benz- 
pyrene (11), and “butter yellow” (12) has also been presented, but, so far, 
to our knowledge no demonstration of such a synthesis in any animRl 
species has been reported. 

The difficulties connected with the administration of these potentially 
dangerous substances to human beings account for the fact that no direct 
evidence for the synthesis of mercapturic acids in man has been reported. 

We have administered S-p-bromophenyl and S-benzyl derivatives of 
cysteine to human subjects and isolated from the urine the corresponding 
mercapturic acids. Although incomplete for conclusive demonstration of 
a direct synthesis of the corresponding mercapturic acids from bromoben- 
zene and benzyl chloride, the data furnish the first direct evidence for the 
synthesis of mercapturic acids in man from the cysteine derivatives of sub- 
stances which have been demonstrated to yield mercapturic acids in 
animals. 


KXPERISIENTAI, 

PrepaTcUion of Cysteine Derivatives — S-Ben^l derivatives of cysteine 
were prepared by reduction of Z-cystine in liquid ammonia with metallic 

* A portion of the data was published in a preliminary report (1). The publica- 
tion of the complete data was delayed by our service overseas during the war. 

t Present address, Amino Products Research Division, International ilinerals 
and Chemical Corporation, Rossford, Ohio. 
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sodium, followed by bcnzylution with benzyl chloride and racemization of 
the resulting S-benzyl-Z-cysteinc to S-benzyl-d^-cysteine. The latter was 
then resolved into its component isomers (13). S-Benzyl-dZ-cysteine had a 
melting point of 155-156° and a 2 per cent solution in 1 N NaOH showed no 
optical activity. S-Bcnzyl-rZ-cystcine had a melting point of 216-218° and 
a 1 per cent solution in 1 N NaOH had an optical rotation of [aJn == -24°. 
S-Benzyl-f-cysteinc also melted at 216-218° and a 1 per cent solution in 
1 N NaOH had an optical rotation of [a]n^ = +23°. 

p-Bromophenyl-/-cysteine was prepared from p-bromophenylmercap- 
turic acid which was isolated by us in the course of past years from the 
urine of various animals. p-Bromophenyl-l-cysteine had a melting point 
of 192-193° and a 1 per cent solution in 0.2 n NaOPI had an optical rotation 
of [a]n* = + 17.3°. All the substances were analytically pure, as was 
indicated by analysis for carbon, hydrogen, nitrogen, sulfur, and bromine. 
The corresponding acetyl derivatives of p-bromophenyl-Z-cysteine and of 
dl, d, and I isomers of S-benzylcysteine were prepared by acetylation ivith 
acetic anhydride. The substances were analytically pure and showed the 
correct optical rotation. In all cases, the e.xcretion products which were 
isolated from the urine were analyzed and their properties were compared 
with those of the synthetic products. 

Feeding Experiments — ^The author and a female volunteer were used as 
subjects in this study. Botb subjects were in good health and apparently 
normal. Each compound was fed mth water after a meal on three different 
occasions to each of the subjects. The urine was collected during the 24 
hours follo\ving the ingestion of the substance. The author ingested 3 gm. 
and the other subject 2 gm, of each of the cysteine derivatives in each ex- 
periment. No ill effects of any kind were observed objectively or subjec- 
tively upon ingestion of any of the substances. Upon ingestion of S- 
benzylcysteine derivatives, a mild stinging of the mucous membranes of 
the mouth and a somewhat unpleasant odor persisted for about 5 hours. 
Both subjects were on an ordinary mixed diet which was apparently free 
from benzoic acid. Upon completion of the feeding experiment with each 
substance, a week’s interval was allowed before proceeding with the next 
feeding. 

Isolation Procedure — In general, the procedure for the isolation of the 
excretion products of S-benzylcysteine was as follows: The 24 hour sample 
of urine was made neutral to litmus paper and evaporated under reduced 
pressure to one-fourth its volume, cooled, and the pH adjusted to 7. The 
separated material was removed by filtration, treated with dilute ammonia, 
centrifuged to remove insoluble matter, and the supernatant liquid was 
decolorized with a small amount of norit* and filtered. The filtrate was 

> Meroapturic acids are readily adsorbed on norit, from which they can be eluted 
with ethanol. Decolorizing carbon in the isolation procedures involving acetylated 



J. A. STEKOL 


653 


exactly neutralized with dilute hydrochloric acid. The separated ma- 
terial was recrystalliaed three times from hot water. In this manner, 
S-benzyl-d-cysteine was isolated from the mine. 

The filtrate from the material which separated at pH 7 was acidified with 
HCl (strong acid to Congo red paper) and e.xtracted with either ethyl ether or 
ethyl acetate. Satisfactory results were obtained with either solvent. The 
ether or ethyl acetate extract was evaporated to dryness under reduced 
pressure, and the residue was dissolved in boiling water, decolorized with a 
small amount of norit, and filtered hot. On cooling, the acetyl derivatives 
separated. On acidification of the filtrate, hippuric acid contaminated 
with the acetyl derivatives of S-benzylcysteine separated out. The iso- 
lated products were purified by repeated recrystallization from hot water. 
N'-Acetyl-S-benzyl-t-cysteioe was separated from the dl isomer by fractional 
crystallization of the isolated mixture of the acetyl derivatives from ethanol. 
Considerable losses of both products were suffered and the yields of these 
derivatives which are reported below are minimal. 

The acetyl derivatives of S-ben^lcysteine can be isolated first from the 
acidified concentrated urine, followed by the isolation of S-benzyl-d- 
cysteine from the neutralized filtrate. Either method was found satis- 
factory in recovery studies on normal urines to vrhich S-benzylcysteine, 
d- or 1-, and all the isomers of the acetyl derivative were added together or 
separately. 

After feeding p-bromophenyl-l-cysteine, p-bromophenyhnercapturic acid 
was isolated from the concentrated urine by the chloroform extraction 
procedure of AIcGuinn and Sherwin (15). ‘ 

Results 

3.0 gm. of S-benzyl-Z-cysteine were ingested and 1.2 gm. of N-acetyl-S- 
faenzyl-Z-cysteine were isolated from the urine. The substance was ana- 
lytically pure and proved to be identical with the synthetic material, as is 
indicated by the analytical data shown below. 

C H N S Acttyl M.p. [alj 

•c. 

Synthetic CijatiiSNO,. 56.95 5.93 5.54 12.63 16.98 143-144 -44 

Found. 56.78 6.01 5.64 12.33 16.75 143 -43 

Similar results were obtained in five additional experiments on the two 
subjects. 

3.0 gm. of S-benzyl-d-cysteine were ingested. 200 mg. of N-acetyl-S- 
benzyl-Z-cysteine, 480 mg. of N-acetyl-S-benzyl-dZ-cysteine, 460 mg. of 
S-benzyl-d-cysteine, and 160 mg. of hippuric acid were isolated from the 

^uilno acid derivatives should be used judiciously. Lawrie (14) employed “Merck's 
medicinal charcoal’* for the isolation of p-iodophenylmercapturic acid from rat and 

rabbit urine. 
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urine. In the analytical data on the isolated material (o) represents N- 
acetyl-S-bcnzyl-i-cysteine, (6) N-acetyl-S-benzyl-dl-cysteine, (c) S-benzyW- 
cysteine, and (d) hippuric acid. 



C 

II 

N 

S 

Acetyl 

M.p. 

•c. 

(Jd 

(a) Synthetic CuHnSNOj. 

66.95 

5.93 

6.54 

12.65 

16.98 

144 

-44 

Found. 

50.00 

5.82 

6.43 

12.40 

16.73 

143 

-43 

(6) Synthetic CuIInSNO,. 

60.05 

6.93 

5.64 

12.65 

16.98 

155-156 

0 

Found. 

60.87 

5.81 

5.63 

12.65 

16.45 

155-157 

0 

(c) Synthetic CioHnSNOj. 

50.87 

6.16 

6. 6-1 

15.16 


216-218 

-24 

Found. 

60.73 

6.00 

O.CO 

15.00 


216-217 

-24 

(d) Synthetic CiHjNOi. 

60.01 

5.03 

7.82 



187 


Found. 

69.7-f 

5.26 

7.65 



187 



Similar results were obtained on repeated administration of S-benzyW- 
cysteine to both subjects. 

3.0 gm. of S-benzyW/-cysteine were ingested. The qualitative results 
were similar to those obtained mth S-benzyl-d-cysteine, except that no 
hippuric acid could be isolated. The latter might have been present in the 
urine, but it escaped our detection. The analytical data were similar to 
those shown above. 

3.0 gm. of p-bromophenyl-f-cysteine were ingested and 1.3 gm. of pure 
N-acetyl-p-broraophenyl-Z-cysteine were isolated from the urine. The 
substance was identical with p-bromophenylmercapturic acid which was 
excreted in the urine of various animals upon ingestion of bromobenzene. 



C 

H 

N 

s 

Acetyl 

Br 

M.p. 

•c. 

Synthetic CnHuSNOjBr. 

41.54 

3.77 

4.40 

10.06 

13.49 

25.16 

162 

Found. 

41.50 

3.68 

4.43 

9.96 

13.00 

24.98 

152 


Similar results were obtained in five additional experiments on the two 
subjects. 


DISCUSSION 

The data presented above demonstrate the acetylation of p-bromophenyl- 
Z-cysteine and of if or Z isomers of S-benzylcysteine in man. It is also ap- 
parent from the data that the cZ isomer of S-benzylcysteine is less readily 
acetylated than its enantiomorph, as is indicated by the excretion of un- 
changed S-benzyl-rZ-cysteine upon its administration. At no time were we 
able to detect either the unchanged S-benzyl-Z-cysteine or its optical anti- 
pode in a free or acetylated form upon administration of S-benzyl-Z-cysteine. 
Only the acetylated S-benzyl-Z-cysteine could be isolated from the mine. 
Either our methods of isolation are inadequate for the detection of these 
substances in the urine, or S-benzyl-Z-cysteine is completely acetylated in 
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the amounts fed and ia not converted in vivo to its enantiomorph. The 
excretion of N-acetyl-S-benzyl-Z-cysteine upon the administration of d- or 
ii-S-benzylcysteine indicates inversion of the d derivative to the acetylated 
optical antipode. Whether this inversion occurred via the mechanism 
proposed by Knoop and Blanco (16), as we suggested earlier (5) and as 
was reaffirmed later (17), is a subject for discussion from which we wish to 
abstain for the present, pending direct evidence pro or contra. The acety- 
lation, however, of p-bromophenyW-cysteine and of d or Z isomers of S- 
benzyloysteine in man, appears to be direct, as we concluded earlier in 
our experiments with p-bromophenyl-l-cysteine in the rat (18). 

In discussing the possible mechanisms of acetylation in the dog, we 
assumed that the mechanism of acetylation in the case of mercapturic 
acids is not the same as that involved in the acetylation of certain aromatic 
amines and their derivatives, since the direct acetylation of certain aro- 
matic compounds in which the amino group is attached to the ring could 
not be shown to take place in the dog (19). In the case of man, on the 
other hand, Muenzen, Cerecedo, and Sherwin (20) were the first to show 
direct acetylation of m- and p-aminobenzoic acid, and Bernhard (21) has 
now demonstrated that acetic acid participates directly in this reaction. 
Our e.xperiments demonstrate the acetylation of certain cysteine deriva- 
tives in man. For lack of data to the contrary, there appears to be no 
reason to assume the existence in man of different mechanisms of acetyla- 
tion for the cysteine derivatives and for aromatic amino acids mentioned 
above. 


SUmiART 

1. p-Bromophenyl-Z-cysteine and d-, dZ-, and Z-S-benzylcysteine were 
administered to human subjects and the corresponding mercapturic acids 
were isolated from the urine. 

2. S-Benzyl-d-cysteine is less readily acetylated than the I isomer, al- 
though in man both isomers are directly acetylated. 

3. There appears to be no valid reason to assume a mechanism of acetyla- 
tion of these cysteine derivatives in man, different from that supported by 
experimental evidence; namely, direct acetylation. 

Grateful acknowledgment is made to Mr. J. Alicino for the microana- 
lytical work. 
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The wide-spread use of photoelectric colorimeters in the field of quanti- 
tative clinical chemistry has brought with it the realization that many of 
the visual colorimetric methods in use are grossly inaccurate and that their 
use may be justified only on the basis of an arbitrary range of normal values 
for the ^ven procedure. This is particularly true in the case of total 
cholesterol values which have a reported normal range from about lOO to 
400 mg. per cent. The principal sources of the inaccuracies for the choles- 
terol methods employing the Liebermann-Burchard reaction are well known 
and have been recently discussed in some detail in a paper by Sperry and 
Brand (1). They will be mentioned here only because in the procedure 
presented by the authors the experimental studies of the Liebermann- 
Burchard reaction were run under conditions somewhat different from 
those of most other investigators (2-4). 

Instead of the usual organic solvents, e.g. chloroform, alcohol-ether, 
alcohol-acetone, etc., used for extracting cholesterol and cholesterol esters 
from biolopcal fluids, the authors have followed the lead of Drekter (5) 
who used acetic anhydride as the medium for the simultaneous precipita- 
tion of the proteins and the extraction of the total cholesterol present in 
these fluids. Because of the axtreme rapidity of development of the maxi- 
mal color density, pure acetic anhydride was unsuited for the photometric 
determination of total cholesterol. It was foimd e.xperimentally that a 
mixture of acetic anhydride and 1,4-dioxane (3:2 by volume) not only 
■"'ould extract cholesterol and cholesterol esters from biological fluids with 
the simultaneous precipitation of proteins, but in addition would reduce 
the rate of development of maYimal color density to a point at which the 
liebermaim-Burchard reaction might be used to obtain accurate photo- 
metric readings. 

The method presented here is unlik e any other foimd in the literature in 
that no attempt is made to remove the water from the biolo^cal fluid; 

• A major portion of this problem was completed overseas while tbe autbors were 
members of tbe Cbemistry Section of tbe Seventh Medical Laboratory of tbe Third 
United States Army. 
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instead, an amount of water equivalent to that present in the biological 
fluid is added to the cholesterol standards. In the course of the procedure, 
tho water present in the standard or the unknown is converted into acetic 
acid when the tube containing tho water and acetic anhydride is heated in a 
boiling water bath for a specified time. It is a known experimental fact 
that tho Liebermann-Burchard reaction takes place in acetic acid solution 
as well as in chloroform, although the rate of reaction may vary with the 
different solvents (6). 

Many investigators have shown that tho rate of reaction for pure choles- 
terol with the Liebermaim-Burchard reaction is much slower than that for 
a corresponding amount of cholesterol ester (as total cholesterol). It is 
mainly for this reason that the more reliable methods for total cholesterol 
require tho conversion of the cholesterol ester present into the alcohol form 
previous to the addition of the colorimetric reagents. However, for the 
routine clinical analysis of total cholesterol in biological fluids it would be 
most desirable if this step could be omitted, provided that it was accom- 
plished wthout any corresponding reduction in the accuracy of the pro- 
cedure. This problem was solved by developing a new total cholesterol 
standard composed of equal parts of cholesterol and cholesterol ester which 
are dissolved in a solution of acetic anhydride-dioxane (3:2). Since thu 
standard solution is 50 per cent cholesterol ester, it more closely approri- 
mates the actual conditions found in most sera or plasma. Moreover, m 
the setting up of the standard curve, these standards are run (with the 
addition of an equivalent amount of water, heating, filtration, etc.) m 
exactly the same manner as are the unknowns. Since a valid objection 
might be raised mth respect to the variability of the ratio of cholesterol 
esters to total cholesterol as found in biological fluids, separate studies 
were made for both pure cholesterol and cholesterol esters in acetic an- 
hydride-dio.xane solution with the Liebermann-Burchard reaction. Al- 
though cholesterol ester develops color at a somewhat higher rate than 
does a corresponding amount of pure cholesterol, the ma.ximal density 
values reached are about the same for both. Furthermore, these ma.ximal 
values remain constant over a sufficient time interval so that various mix- 
tures of cholesterol and cholesterol ester can be determined, without con- 
version of the esters into the alcohol form, from the same curve. This 
experimental work also indicates the importance of using the maximal 
density value rather than a given time interval for the photometric reading 
if consistent results are to be obtained. 

In agreement with Sperry and Brand (1) it has been found that rela- 
tively slight changes in temperature produce significant changes in the 
mgyimal density and in the rate at which those values are reached. In 
this procedure the temperature is ri^dly controlled at 37.5°, which is a 
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higher temperature than that advocated by most other investigators. The 
reason for this is that the addition of dioxane to the acetic anhydride re- 
duces the rate at which the green color develops in the Liehennann-Burch- 
ard reaction to such a marked degree that a higher temperature is required 
to obtain the maximal color density within a reasonable time interval. 

Many investigators (1, 7) have stressed the advantage of such experi- 
mental factors as the mixing of acetic anhydride and sulfuric acid previous 
to its addition to a chloroform or acetic acid solution of total cholesterol, 
the control of the temperature at which the acetic anhydride and sulfuric 
acid are mixed and added to the total cholesterol solution, the need for 
developing the color in total darkness, etc. In the method as given in this 
paper, although the concentrated sulfuric acid is added directly from a 
micro burette to the total cholesterol solution at room temperature and no 
special precautions are taken to allow the color development to take place 
in complete darkness, highly reproducible results have been obtained for 
standards, unknowns, and recoveries of added cholesterol and cholesterol 
ester. The fact that no special precautions are required for the addition of 
the Liebermann-Burchard reagents or for the color development, except 
for temperature control, further enhances the simplicity of this method 
compared to other procedures. 

EXPERiaiENT.iL 

A. Reagents and Apparatus — 

1. Standard cholesterol solution. Dissolve 0.1000 gm. of pure choles- 
terol in 100 ml. of pure dry chloroform in a 100 ml. volumetric flask. (1 
ml. is equivalent to 1.00 mg. of cholesterol.) 

2. Dilute cholesterol standard. Dilute the above standard 1:5 with 
chloroform in a 100 ml. volumetric flask. (1 ml. is equivalent to 0.20 mg. 
of cholesterol.) 

3. Standard cholesterol ester solution. Dissolve 0.1105 gm. of pure 
cholesterj'l acetate (Eastman Kodak, No. 2391) in 100 ml. of pure, dry 
chloroform in a 100 ml. volumetric flask. (1 ml. is equivalent to 1.00 mg. 
of total cholesterol.) 

4. Dilute cholesterol ester standard. Dilute the above standard 1:5 
with chloroform in a volumetric flask. (1 ml. is equivalent to 0.20 mg. of 
total cholesterol.) 

5. Standard cholesterol solution (new). Weigh 25 mg. of pure dry c.P. 
cholesterol and 27.7 mg. of cholesteryl acetate into a 300 ml. Erlenmeyer 
flask. Add 240 ml. of acetic anhydride-dioxane solution; heat the flask for 
approximately 15 minutes in a boiling water bath imtil aU the solid is in 
solution. Cool to room temperature and wipe the outside of the flask to 
remove any moisture. Transfer the solution quantitatively to a 250 ml. 
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volumetric flask and dilute to mark with acetic anhydride-dioxane solu- 
tion. Mix and transfer to a clean, dry, glass-stoppered, brown bottle. 

(1 ml. is equivalent to 0.20 mg. of total cholesterol.) 

6. Acetic anhydride-dio.vane solution. Mix 3 volumes of reagent grade 
acetic anhydride with 2 volumes of 1,4-dioxane (Eastman Kodak, No. 
P214‘l). Transfer to a clean, dry, glass-stoppered, brown bottle. The 
mixture is stable in the absence of moisture. Dio.xane vapor is toxic and 
all work with this reagent should be done in a hood. 

7. Sulfuric acid, concentrated, reagent grade. 

8. Micro burette, 2.00 or 5.00 ml., graduated in 0.05 ml. or in smaller 
divisions. 

9. Photoelectric colorimeter, Evelyn type, with selected P 3 T:ex test- 
tubes graduated at 5 and 10 ml. 

All reagents used in tliis procedure should be of reagent grade and free 
from water. All glassware used should be chemically clean and dry . 

B. Selection of Color Filler — 0.20 mg. and 0.50 mg. of total cholesterol 
standards were prepared, as described under the preparation of the stand- 
ard curve in (D) below, and the data for spectral transmission for the 
modified Liebermaim-Burchard reaction were obtained with a Coleman 
Junior spectrophotometer. The readings were taken at room temperature 
and between 25 and 35 minutes after the addition of the colorimetric 
reagents. The data obtained are illustrated in Fig. 1 and show a minimum 
transmittance at about 650 m^. This wave-length corresponds appro.d- 
mately to a combination of Corning glass Filters 241, 4 mm., and 397, 2 
mm., for filter type photometers. 

C. Studies of Factors Affecting Color Development with Modified Liebermann- 

Burchard Reaction 

1. Effect of Variation of Amount of Acetic Acid from Water. Prepara- 
tion of Samples — ^To two sets of graduated colorimeter tubes, each con- 
taining five tubes, were added 1.00 ml. (0.20 mg.) and 3.00 ml. (0.60 mg.) 
of the dilute cholesterol standard in chloroform, respectively. The tubes 
were placed in a boiling water bath and the solvent evaporated off until no 
odor of chloroform was detectable. To each pair of standards, one con- 
taining 0.20 mg. and the other 0.60 mg. of cholesterol, were added the vari- 
ous amounts of w'ater showm in Fig. 2. The contents of each tube were 
diluted to the 5.00 ml. mark wdth the acetic anhydride-dio.xane solution; 
the tubes w'ere heated in a boiling water bath for 30 min utes and then 
cooled to room temperature. 

Development of Color — ^At this point each pair of tubes w-as handled sepa- 
rately. To the first tube was added 0.25 ml. of concentrated sulfuric acid 
from a micro burette. Immediately after, an interval timer which had 
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previously been set for 5 minutes was started up. The contents of the 
tube were well mixed, care being taken to see that no unmixed acid remained 
on the sides of the tube. The tube was then left in a rack at room tempera- 
ture. About i minute before the 5 minute interval elapsed, 0.25 ml. of 
concentrated sulfuric acid was added to the second tube. At the e^qjira- 
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Fig. 2. Effect of variation of acetic acid obtained from water and acetic anhydride 
on color development. 

tion of the first 5 minute interval, the timer was reset for the same interval 
and the first tube was placed in a water bath maintained at 37.5°. The 
contents of the second tube were then well mixed and the tube allowed to 
remain at room temperature. At e.xpiration of the second 5 minute inter- 
val, the timer was again reset, the second tube was placed in the 37.5° 
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water bath, and the first tube was removed, wiped dry, and read in the 
photoelectric colorimeter with a 650 mu filter against a reagent blank set 
at 100 per cent transmission. In this manner a series of readings was 
taken at 5 minute intervals until a maximal density value was reached, when 
the readings began to increase again. The second tube was read exactly 
5 minutes after the first one. All other pairs of tubes were run exactly 
in the same manner. 

The variation of density values with time for cholesterol standards con- 
taining various amounts of water is shown in Fig, 2. From these data 
the following conclusions may be drawn; that the presence of small amoimts 
of water has the greatest proportional effect on decreasing the rate of color 
development as well as the maximal density value for a fixed amount of 
cholesterol; that, as the water content increases, the further addition of 
water causes progressively smaller changes in the rate of reaction and in 
the maximal density value for a fixed amount of cholesterol. 

These experimental data prove that, if accurate results are to be ob- 
tained, the volume of water added to the standards, to compensate for the 
amount present in serum or plasma, should be maintained ■within fairly 
narrow limits. Since it was intended to use a 0.20 ml. sample in running 
the unknowns, and since 90 per cent of serum or plasma is actually water, 
0.18 ml. of water was added to each tube in performing all the subsequent 
experimental runs and in setting up the standard curves. 

2. Effect of Varying Ratio of Acetic Anhydride to Dioxane — ^The samples 
were prepared in the manner described above except that 0.50 and 1.00 mg. 
of cholesterol standard were used and 0.18 ml. of water was added to each 
tube, the final volume being the same. The color was developed as above. 

The maximal density obtained in these runs was plotted against the 
various acetic anhydride to dioxane ratios for the two cholesterol standards 
and the curves obtained are sho\vn in Fig. 3. These results indicate that 
the ma:dmal density increases continuously as the acetic anhydride to 
dioxane ratio increases for a given cholesterol value. It is possible to obtain 
almost any density value desired for a fixed amount of cholesterol by choos- 
ing the proper ratio of acetic anhydride to dioxane. A value of 3 volumes 
of acetic anhydride to 2 volumes of dio.xane was chosen for two reasons. 
First, because the maximal density values for standards ranging from 0.20 
to 1.00 mg. of cholesterol fall somewhere between 20 and 80 per cent trans- 
mission, which is the most desirable range for colorimetry. The second 
reason is shown in Fig. 4, which gives the variation of density values ■with 
time for the various acetic anhydride to dioxane ratios. The density values 
for the 3:2 ratio reach a maximum in about 15 minutes and there is only a 
slight variation in the maximal value between the 15 and 25 minute in- 
tervals. 
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Flo. 4. Variation of transmission values with time for varying acetic anhydride 
ratios. 


The color was developed exactly as described above except that instead 
of the tubes being placed in a bath at only one temperature (37.5°), the 
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color development took place in baths maintained at the various tempera- 
tures shown in Fig. 5. 

Fig. 5 shows the relationship between the density values obtained for a 
given cholesterol value and the time of reading at the various temperatures 
at which color is developed. From the results shown in Fig. 5, it can be 
concluded (1) that as the temperature increases the time at which the 
maximal density is reached decreases; (2) that as the temperature increases 
the maximal density value obtained ivith a fixed amount of cholesterol 
increases; (3) that for a constant temperature, the variation of the density 
value at ±5 minutes from the majdmal density value is about ±1 scale 
division of the colorimeter. 

In agreement with the results of many previous investigators, the data 



Fig. 5. Effect of variation of temperature and time of reading on color develop- 
ment of cholesterol with the modified Liebermann-Burchard reaction. 

obtained show the need for rigid temperature control if accurate cholesterol 
values are to be obtained. The temperature of 37.5° was chosen because 
it is a conveniently available laboratory temperature, and because the 
maximal color at this temperature develops somewhere between 15 and 20 
minutes; so that the time required for each determination is considerably 
reduced. However, it should be pointed out that any other constant 
temperature below 40° may be used provided that both standards and 
unknowns are run at the same temperature. 

4. Effect of Temperature at Which Colorimetric Reagents Are Mixed — 
Sperry and Brand (1), Shapiro et al. (7), and other investigators lay stress 
on the technique employed in adding the acetic anhydride-sulfuric acid 
mixture to the chloroform solution of cholesterol as a potential source of 
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error in the Liebermann-Burchard reaction. Shapiro ei d. have recom- 
mended using a mixture of acetic anhydride and sulfuric acid prepared at 
room temperature to avoid any errors due to the difficulty of measiiring 
accurately small quantities of sulfuric acid and to reduce the temperature 
changes due to variable heating effects. Sperry and Brand carry this 
procedure a step fxirther and recommend that the reagents be mbced in an 
ice bath and maintained at that temperature imtil added to the cholesterol 
solution in chloroform. Since the matter is still controversial, and since 
it would be desirable to avoid the temperature effect of adding a solution at 
0° to one at the bath temperature, this problem was investigated for the 
acetic anhydride-dioxane-water solution of cholesterol. 

A series of standards was prepared containing 0.20 and 0.60 mg. of 
cholesterol in the manner given above which included the addition of the 
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0.60 

0.276 
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* Maximal density value. 


0.18 ml. of distilled water and the use of the 3:2 solution of acetic anhydride- 
dioxane. 

Each pair of standards was adjusted to the temperatures given in Table 
I previous to the addition of the concentrated sulfuric acid from the micro 
burette. The rest of the procedure is exactly as given above. 

The maxima l density values obtained in this run, as is shown in Table I, 
prove that the temperature of the solution at the time of addition of the 
concentrated sulfuric acid has no effect on the maximal density value ob- 
tained and that the acid may be added at room temperature. The ma.ximal 
temperature developed by the addition of concentrated sulfuric acid to the 
acetic anhydride-dioxane-water solution of cholesterol was about 32.5“ 
for the color development; the heat generated in this step does not affect 
the color development. 

0 . Effect of Varying Time of Heating Acetic Anhydride-Dioxane-Water 
Solution of Cholesterol — A series of l.CX) mg. of cholesterol standards was 
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prepared exactly as given above, including the addition of 0.18 ml. of dis- 
tilled water and the use of the 3:2 acetic anhydride-dioxane solution, except 
that the tubes were heated for 15, 30, and 45 minutes in the boiling water 
bath. 

Development of color was carried out by the usual procedure. 

The results obtained in this run are given in Table II and show that 
continuing to heat the tubes in a boiling water bath for more than 15 min- 
utes has a negligible effect on the color development. 

D. Preparation of Standard Curve for Cholesterol — ^The experimental data 
obtained above indicate that reproducible cholesterol values can be ob- 
tained only if rigid control is maintained over such factors as the tempera- 
ture of color development, ratio of acetic anhydride to dioxane, amount of 
water present in the sample, and if the maximal density value rather than a 
specific time interval is used for the colorimetric readings. Less control 


Table II 

Effect of Variation of Time of Heating 
Cholesterol standard, 1.00 mg. 


Time o( heatiag 

Color density 

10 min. 1 

1 15 min. 

1 20 min. 

1 25 min. 

min. 

■■■ 

■■■ 
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45 

0.414 
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* jJa-ximal density value. 


is required over such factors as the temperature at which the colorimetric 
reagents are mixed and the time of heating the tubes in the boiling water 
bath. These data were then applied to the preparation of a standard curve 
for pure cholesterol. 

Preparation of Samples — Into a series of graduated colorimeter tubes 
were pipetted, in duplicate, amounts of the cholesterol standards in chloro- 
form equivalent to 0.20, 0.40, 0.60, 0.80, 1.00, and 1.20 mg. of cholesterol. 
The rest of the procedure was run exactly as given under (C, 2) except that 
the 3:2 acetic anhydride-dioxane solution was used for all the samples. 

Color was developed by the usual procedure. 

The curve obtained by plotting the avei‘age maximal density values 
against the cholesterol standards is shown in Fig. 6. 

E. Effect of Variation of Temperature and Time of Reading on Values for 
Cholesterol Ester — Since many investigators have called attention to the 
more rapid rate of color development wth cholesterol esters compared to 
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pure cholesterol in chloroform, or as found experimentally, in acetic acid 
solution, it was decided to investigate this matter for acetic anhydride- 



Fio. 6. Photometric curves for cholesterol, cholesterol ester, total cholesterol 
(as digitonin cholesteride), and total cholesterol (for unfcnomis). 



Fia. 7. Effect of variation of temperature and time of reading on color develop- 
ment of cholesterol ester ndth modified Liebermann-Burohard reaction, 

dioxane-water solutions of cholesterol. It was assumed that there would 
not be any marked difference in the results obtained with cholesterol ester 
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standards for factors such as the ratio of acetic anhydride to dioxane, the 
amount of water present, the temperature at which the colorimetric rea- 
gents are added, or the time of heating the tubes in the boiling water bath; 
therefore these factors were not reinvestigated for cholesterol ester. How- 
ever, it was considered desirable to reinvestigate for cholesterol ester such 
factors as the effect of the variation of temperature at which color develop- 
ment takes place, and the time of reading the samples upon the maximal 
density values obtained for a fixed amount of the standard (calculated as 
total cholesterol). From these data it could be ascertained whether, at 
any particular temperature or reading time, the same density values could 
be obtained for cholesterol ester as for an equivalent amount of cholesterol, 
thus avoiding the necessity of converting the ester into the alcohol form to 
obtain accurate results for the total cholesterol value. 

The run was performed exactly in the same manner as is given under (C, 
3) for pure cholesterol except that cholesterol ester (cholesteryl acetate) 
standards in chloroform corresponding to 0.20 and 0.60 mg. of total choles- 
terol were used. The results obtained in this run are shown in Fig. 7. 

It is concluded from these experimental data tliat the effect of tempera- 
ture on the maximal density values is exactly the same as wth pure choles- 
terol. A comparison of Figs. 5 and 7 leads to an even more important 
conclusion; namely, that for the most part the ma.ximal density values for 
both cholesterol and cholesterol ester fall within the same time interval, and 
if the temperature remains constant, the maximal density values for a 
constant amount of cholesterol ester are practically identical -with those 
obtained for an equivalent amount of pure cholesterol. 

F. Preparation of Standard Curve for Cholesterol Esters — This was pre- 
pared in the same marmer as the curve for pure cholesterol, except that 
cholesterol ester standards containing the equivalent amount of total 
cholesterol were used. The results obtained for the average ma-ximal 
density values are plotted against the total cholesterol values, and the 
curve obtained is illustrated in Fig. 6. The data indicate that, while the 
two curves are not identical, they are sufficiently close together, particularly 
in the lower range of values, where the large majority of unkno^vns Avill 
fall, to warrant the use of a common curve for both cholesterol and choles- 
terol esters, thus avoiding the involved process of converting one form into 
the other, previous to the color development. 

G. Determination of Maximal Density Values for Known Mixtures of 
Cholesterol and Cholesterol Ester — ^As further proof that the use of a com- 
mon curve for both cholesterol and cholesterol ester is warranted in the 
acetic anhydride-dioxane-water procedure, a series of kno^vn mixtures 
of cholesterol and cholesterol ester was prepared in such ratios as are likely 
to occur in pathological human sera or plasma. These mixtures were 
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tten run exactly in the same manner as is described for the cholesterol 
standards in (D). The maximal density values obtained for these various 
known mixtures are given in Table III together with the average mainmal 
density values taken from the cholesterol and cholesterol ester curves in 
Fig. 6. 

The data in Table III prove that the results obtained for these mixtures 
are generally within d:0.02 mg. of total cholesterol of the theoretical value 
taken from the curve and furnish conclusive evidence of the validity of 
emplo 3 ing a single curve for the determination of the total cholesterol 


T.vBir: III 


Determination oj Total Cholesterol Content of Knotcn Mixtures of Cholesterol and 

Cholesterol Ester 


Cboles* 

terol 

&dd^ 

Cioles. 

ToUl 

cholesterol 

added 

RstIo« 

cholesterol 


Color desalty 

Aven^ 

color 

dessity 

£fOd 

curve 

Avense 

ester 

added 

total 

cholesterol 

15 din. 

20 min. 

i 

1 25 mio. 

error 

ut. 

0.5Q 

or. 

0.50 

nr. 

1.00 

per cent 

50 

0.456 

0.462* 

0.450 

0.469 

per caU 

-1.50 

0.50 

0.50 

1.00 

50 

0.459 

0.462* 

0.453 

0.469 

-1.50 

0.70 

0.30 

1.00 

30 

0.435 

0.453* 

0.453 

0.469 

-3.42 

0.70 

0.30 

1.00 

30 

0.438 

0.456* 

0.456 

0.469 

-2.77 

0.30 

0.70 

1.00 

70 

0.401 

0.447* 

0.447 

0.469 

-4.70 

0.30 

0.70 

1.00 

70 

0.423 

0.465* 

0.459 

0.469 

-0.85 

0.50 

0.20 

0.70 

28.5 

0.328 

0.335* 

0.325 

0.330 

+1.52 

0.60 

0.20 

0.70 

28.5 

0.328 1 

0.330* 

0.323 

0.330 

±0.00 

0.20 

0.50 

0.70 

71.4 

0.319 

0.321* 

0.312 

0.330 

-2.73 

0.70 

0.50 

1.20 

41.7 

0.512 

0.557* 

0.553 

0.569 

-2.11 

0.70 

0.50 

1.20 

41.7 

0.534 

0.549* 

0.512 

0.569 

-3.52 

0.50 

0.70 

1.20 

58.2 

0.549 

0.553* 

0.538 

0.569 

-2.81 


* Maximal density. 


content of an unknown sample regardless of the ratio of cholesterol to choles- 
terol ester present. 

H. Method for Phoiometric Delerminaiion of Total Cholesterol in Serum or 
Plasma — ^Into test-tubes (150 X 15 mm.) containing approximately 5 ml. 
of acetic anhydride-dioxane solution was pipetted, in duplicate, 0.20 ml. 
of clear, unhemolyzed serum or plasma. The contents were mixed well by 
shaking, care being taken that no unmixed serum or plasma remained on 
the sides of the tube. The tubes were heated in a boiling water bath for 
30 minutes with occasional shaking, and the moistmre was wiped off the 
outside. The contents were filtered through Whatman No. 42 filter paper 
(7 cm.) into graduated colorimeter tubes. The original tubes frere washed 
with 0.25 ml. portions of acetic anhydride-dioxane solution, these washings 
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being poured through the filter paper until the total volume of the filtrate 
in each tube was 5.00 ml. 

The development of color was carried out exactly as given under (C, 1). 

The average maximal density value obtained by this procedure is used 
to find the total cholesterol value from the standard curve prepared as 
given in the following section. 

I. Preparation of Standard Curve for Use with Unhnovm Samples — In 
order to overcome the effect of the slight variation noted above between 
the curves for pure cholesterol and cholesterol ester and to prepare a total 
cholesterol curve which more closely simulated the actual conditions found 
in the case of human sera or plasma, the new cholesterol standard which 
has already been described under (A) was used in this run. In addition, 
while it was not desirable to go through the tedious processes of filtration, 
washing, making up to volume, etc., in establishing the theoretical con- 
cepts of the method, it was desirable that these processes be included in the 
preparation of a standard curve for actual use with unknown samples, so 
that any changes in the density values due to these additional steps would 
be compensated for. 

Into a series of the test-tubes (150 X 15 mm.) were pipetted, in duplicate, 
amounts of the new cholesterol standard equivalent to 0.20, 0.40, 0.60, 
0.80, and 1.00 mg. of total cholesterol. The total volume in each tube was 
then brought up to about 5 ml. with acetic anhydride-dioxane solution. 
0.18 ml. of distilled water was added to each tube and the contents well 
mixed so that no unmixed water remained on the sides of the tube. The 
remainder of the procedure for the unknown samples was carried out ex- 
actly as described under (H). 

Color was developed by the usual procedure. 

J. Determination of Total Cholesterol by Visual Colorimetry — If a photo- 
electric colorimeter is not available, the new cholesterol standard can also 
be used for visual colorimetry and is prepared for the color development 
exactly as described imder (I) above, with 2.00 and 4.00 ml. aliquots of the 
cholesterol standard corresponding to 0.40 and 0.80 mg. of total choles- 
terol, respectively. The unknown samples of serum or plasma are pre- 
pared simultaneously for the color development exactly as described for 
the photoelectric method in (H) above. The color development is per- 
formed by the usual procedure except that the reading of the unknown 
against the standard is performed in the visual colorimeter between the 15 
to 20 minute time interval since, as is shown in Table IV, the maximal 
density values usually fall in this interval for serum or plasma. 

K. Determination of Normal Serum Values and Recoveries of Added 
Cholesterol — Some 50 samples of clear, unhemolyzed sera, sent in for sero- 
logical examination, were analyzed by the procedure as given under (H). 
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A typical set of results, to illustrate the importance of using the maxinial 
density value rather than a constant time interval, is given in Table IV. 


Table IV 


Pholomeiric Delerminalion of Total Cholesterol Content of Normal Human Serum and 
Recoveries of Added Cholesterol, Cholesterol Ester, and Mixtures of Both 


Semin 

No. 

( 

10 zaln. 

i^lor density 

15 xnin. 

20 min. 

ToUl 
cholesterol 
in serinn 

ToUl 

cholesterol 

added 

Total 

cholesterol 

recovered 

Standard csed 

■ 





mt. 

ml. 

as. 


^er cent 

1 

0.141 

0.16S* 

0.166 

0.58 



Newt 


1 

0.246 

0.250* 

0.242 

0.57 

0.20 

0.19 

(( 

—5.0 

1 

0.282 

0.301 

0.305* 

0.90 

0.50 

0.52 


+4.0 

2 

0.166 

0.168* 

0.163 

0.33 



ft 


2 

0.235 

0.252* 

0.250 

0.57 

0.20 

0.21 


+5.0 

2 

0.317 

0.337* 

0.330 

0.76 

0.40 

0.38 

(( 

-5.0 

3 

0.194 

0.196* 

0.187 

0.44 





3 

0.276 

0.2S2* 

0.270 

0.64 

0.20 

0.20 

tt 

±0.0 

3 

0.367 

0.372* 

0.364 

0.84 

0.40 

0.40 

tt 

±0.0 


0.194* 

0.194 

0.180 

0.44 





4 

0.238 

0.268* 

0.260 

0.61 

0.20 

0.17 


-8.5 

4 

0.357 

0.364* 

0.347 

0.83 

0.40 

0.39 


-2.5 

5 

0.187 

0.192* 

0.181 

0.43 



tt 


0 

0.262 

0.282* 

0.276 

0.63 

0.20 

0.20 


±0.0 

5 

0.332 

0.347* 

0.342 

0.79 

0.40 

0.36 

It 

-10.0 

6 

0.187 

0.194* 

0.189 

0.44 





6 

0.260 

0.282* 

0.278 

0.63 

0.20 

0.19 

tt 

-5.0 

6 

0.347 

0.369* 

0.364 

0.84 

0.40 

0.40 


±0.0 

7 

0.189 

0.197* 

0.192 

0.44 





7 

0.260 

0.276* 

0.276 

0.62 

0.20 

O.IS 

tt 

-10.0 

7 

0.337 

0.364* 

0.359 

0.83 

0.40 

0.39 


-2.5 

8 

0.163 

0.174* 

0.174 

0.39 



tt 


8 

0.204 

0.237 

0.244* 

0.46 

0.20 

0.17 


-15.0 

8 

0.328 

0.347* 

0.347 

0.79 

0.40 

0.40 

tt 

±0.0 

9 

0.187 

0.194* 

0.187 

0.44 





9 

0,260 

0.276 

0.284* 

0.64 

0.20 

0.20 

Cholesterol 

±0.0 

9 

0.272 

0.335 

0.367* 

0.84 

0.40 

0.40 


±0.0 

10 

0.132 

0.160 

0.168* 

0.38 



tt' 


10 

0.276 

0.332 

0.359* 

0.70 

0.40 

0.42 

Cholesterol 

-{-5.0 

10 

0.420 

0.495 

0.523* 

1.18 

0.80 

0.80 

ester 

±0.0 


* Maximal density value. 

t The new standard is 50 per cent cholesterol and 50 per cent cholesterol ester. 


Recoveries of total cholesterol added to sera, including that added as pure 
cholesterol, cholesterol ester, and mixtures of both (new standard), are 
also included in Table IV. 

L. Preparation of Total Cholesterol Standard Curve from. Digitonin Choles- 
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teride — ^Into a series of 15 ml. graduated centrifuge tubes were pipetted, 
in duplicate, amounts of the pure cholesterol standard in chloroform rang- 
ing from 0.20 to 1.00 mg. of total cholesterol. The solvent was evaporated 
off by placing the tubes in a boiling water bath until no odor of chloroform 
could be detected. 3 ml. of alcohol-acetone (1:1) solution were added to 
each tube and the cholesterol dissolved by warming the tubes gently in the 
water bath. The cholesterol was then converted into digitonin cholesteride 
by the procedure of Schoenheimer and Sperry (8). To the pure, dry 
digitonin cholesteride precipitate contained in the centrifuge tubes were 
added 0.18 ml. of distilled water and 6 ml. of the acetic anhydride-dioxane 
solution. The tubes were heated for 30 minutes in a boilmg water bath 
and the precipitate dissolved mth the aid of occasional stirring with a 
glass rod placed in each tube. The tubes were removed from the bath and 
the contents filtered into the graduated colorimeter tubes through What- 
man No. 42 filter paper (7 cm.). The centrifuge tubes were washed with 
0.25 ml. portions of acetic anhydride-dioxane, these washings being poured 
through the filter paper until the total volume of the filtrate in each tube 
was 5.00 ml. 

The development of color was carried out exactly as described under 
(C, 1). 

The average maximal density values in this run were plotted against the 
cholesterol values and the curve obtained is shown in Fig. 6. This curve 
is practically identical with that of the cholesterol ester standard curve. 

M. Comparison of New Procedure with Digilonin Cholesteride Procedure 
for Normal Sera — ^The follo^ving experiments were intended mainly to 
furnish additional proof of the reliability of the new procedure and to ex- 
plore the possibility of using it for the separate determination of cholesterol 
and cholesterol esters. (1) The total cholesterol content of a number of 
normal sera was determined e.xactly as given in (H) above. (2) An alco- 
hol-acetone (1 : 1) extract of the same sera was prepared as for the Schoen- 
heimer-Sperry (8) method and the total cholesterol content determined 
as follows: 

A 5.00 ml. aliquot of the alcohol-acetone filtrate of the sera (1:25 dilu- 
tion) was pipetted into a test-tube (150 X 15 mm.) and the contents evap- 
orated just to dryness, care being taken not to char the residue in this step. 
The residue was dissolved in a few ml. of chloroform and the contents 
again evaporated just to dryness. The chloroform evaporation was re- 
peated once again, but this time the heating was continued until no further 
odor of chloroform could be detected. 0.18 ml. of distilled water and 5 ml. 
of acetic anhydride-dioxane solution were added to each tube. The tubes 
were then heated in a boiling water bath for 30 minutes with occasional 
shaking, removed from the bath, etc., the remainder of the procedure being 
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perfonned exactly as described under (H) above. The results for this run 
are given in Table V. 


Table V 

Comparison of New Procedure with Digitonin Cholesleride Procedure and Studies of 
Effect of Time of Standing of Sample on Total Cholesterol Value 


Tube 

Semn 

or 

phsoa 

Ko. 



Color des&ity 



Toul 

Method used 


5 aln. 

10 znin. 

15 rain. 

20cua. 

25 rain. 

30 013. 

teroi 









ag. 

per 

cent 


1 

11 

0.135 

0.163 

0.177* 

0.176 

0.169 

0.163 

200 

Xew 

2 

11 

0.155 

0.182 

0.183* 

0.181 

0.171 

0.153 

205 

5 ml. alcohol-ace- 
tone (1:1) e.v- 
tract, evapo- 

rated with 

CHCli 

3 

11 

0.066 



0.036 

0.032 


216 

1 

Di^tonin choles- 
teride, 3 ml. 

■i 

■a 

0.147 



0.176 

0.163 

0.155 

205 

Xew 

5 

19 

0.138 

0.176* 

0.174 

0.163 

0.155 

0.146 

210 

Same as (2) 

6 

12 

0.061 

IiIihiM 


0.032 

O.OSO 


216 

'■ “ (3) 

7 

13 

0.115 

0.155 


0.166 

0.160 

0.152 

190 

New 

8 

13 

0.141 


0.163 

0.157 

0.149 

0.138 

190 

Same as (2) 

9 

13 

0.068 



0.076 

0.069 


204 

“ » (3) 

10 

14 

0.174 

0.229 

0.235* 

0.227 

0.215 

0.199 

1 265 

Freshly drawn 

normal plasma; 
new 

11 

14 

0.149 

0.218 

0.237* 

i 

0.233 

0.22i 

i 

0.208 

270 

Same plasma 1 hr. 
after drawing; 
new 

12 

14 

0.204 

0.238 

0.242* 

0.229 

1 

0.220 


275 

Same plasma 9 hrs. 
after drawing; 
new 

13 

14 

0.172 

0.218 

0.227* 

i 0.222 

0.203 

0.191 

260 

Plasma from blood 
after standing 1 
hr.; new 

U 

14 

o.m 

1 

0.222 

0.229* 

0.222 

1 0.203 

i 

0.191 

260 

Plasma from blood 
9 hrs. after 
standing; new 


* Each, value ia the average of two or more determinationa. 


The total cholesterol content of the alcohol-acetone filtrate of the same 
sera as above was then determined, in duplicate, by the Schoenhehner- 
Sperry method (8), except that instead of dissolving the di^tonin choles- 
teride in concentrated acetic acid, the precipitates were treated e.xacUy 
as were the standards in (L). The results obtained in this run are also 
&ven in Table V. 
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The remaining data in Table V were all obtained with the new pro- 
cedure and tend to confirm the findings of Kraus and Kalal (9) that the 
total cholesterol content of human serum or plasma does not change on 
standing, and that these determinations need not be done irmnediately 
after the blood is drawn. 


DISCUSSION 

The results obtained in the studies of the effect of the variation of the 
amount of acetic acid derived from water on the color development wth 
the modified Liebermann-Burchard reaction show the decided effect which 
even traces of moisture have on the maximal density values obtained and 
on the time in which these values are reached for a fixed amount of choles- 
terol. Unless all water is completely removed from the unknown in the 
treatment of the sample previous to the color development, it is to be e.x- 
pected that the standard being made up in the pure solvent will develop 
more color in the same time interval than will the unknown, and thus low 
results will be obtained. In the procedure presented in this paper, the 
small amounts of acetic acid derived from water present both in the stand- 
ards and in the unknowns actually have a beneficial effect on the method. 
Its presence prolongs the time in which maximal color is reached, allowing 
the use of higher bath temperatures; it stabilizes the color formation so 
that accurate readings of the maximal density value may be obtained 
over a 10 minute or longer interval; and the presence of traces of moisture, 
in the reagents and on the glassware, does not have the same detrimental 
effect on color formation as in the more commonly used procedures. 

Several different samples of acetic anhydride and dioxane from different 
manufacturers were used. While the maximal density values obtained 
for a constant amount of cholesterol were about the same for acetic an- 
hydride-dioxane solutions obtained from different sources, the time in 
which this value was reached varied markedly -with different products. 
It was for this reason as well as for the greater reproducibility of values 
that the maximal density reading, rather than the time after mixing, was 
selected as the criterion for the total cholesterol values. The importance of 
this factor has also been stressed in a recent paper by Clarke and Marney 
(10) which deals with a modification, for use with the photoelectric colorim- 
eter, of the Schoenheimer-Sperry method. Since the acetic anhydride- 
dioxane solution is stable over long periods of time, it is best to prepare a 
batch of the reagent large enough to set up all the necessary standard 
curves and time and temperature studies, and to have enough left over for a 
large number of unknowns. 

In these experiments, identical results were obtained whether standards 
were run in a dark incubator with a thermostatic control, a water bath in a 
lighted room, or in an incubator heated by carbon filament bulbs. 
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The results obtained for normal h uma n sera and plasma (Tables IV and 
V) by the new procedure indicate that while some of the recoveries of added 
total cholesterol are somewhat low the maximal error obtained for the 
recovery of 0.20 mg. of cholesterol is —15 per cent and the average error 
for all the recovery values is about ±5 per cent. They further indicate 
that good results are obtained for the recoveries whether the total choles- 
terol is added in the pure form, as the ester, or as a mixture of both forms. 
Results given in Table V prove that the same values are obtained by the 
acetic anhydride-dio.xane-water procedure whether the e.xtraction of the 
serum is performed directly or whether the cholesterol is first extracted 
with an alcohol-acetone (1 : 1) solution. These latter results are important 
when both cholesterol and cholesterol ester determinations are contem- 
plated. The final and most conclusive proof of the validity of the method 
is that it gives results which check e.xperimentaUy with those obtained 
by the digitonin cholesteride method if these latter values are read from a 
digitonin cholesteride curve. 

The 50 normal sera used in these determinations were obtained from the 
serology department of this laboratory and the total cholesterol content 
was determined in from 4 to 48 hours after the blood had been centrifuged 
and the serum removed. This meant that pi some instances the serum 
was removed almost immediately after clotting had occurred and in other 
i n sta n ces only after serum had been standing in contact with the blood clot 
for 10 to 12 hours. Kraus and Kal.al (9) have shown that even under 
these conditions the total cholesterol values do not change, and the values 
shown in Table V substantiate their findings and justify the inclusion of 
these results for serum as normal findings. Considering the random 
method by which these normal sera were selected, the most surprising thing 
about the values obtained is the relatively small range which they cover, 
i.e. from about 190 to 270 mg. per cent, and that the large majority of the 
values falls at about 210 mg. per cent. Although this range may be con- 
sidered representative for male adults from 20 to 35 years of age, many 
more determinations will have to be run by the procedure for other seg- 
ments of the population before it can be stated that this smaller normal 
range is due to the better reproducibility and greater accuracy of the 
method compared to other procedures. 

There has been some scepticism concerning the reliability of the usual 
climcal laboratory tests for cholesterol and cholesterol esters and of their 
value in diagnostic work (11, 12). While it is generally conceded (11) that 
the Schoenheimer-Sperry (8) method or some of its modifications (1^, 10) 
are the most reliable procedures, their very complexity makes them un- 
suited for routine clinical work. This investigation was started because 
the many requests for cholesterol determinations from hospitals in the 
Third United States Army area, in cases such as infectious jaundice, acute 
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epidemic hepatitis, etc., indicated a need for such a procedure. Since the 
method presented in this paper is simple, higlily reproducible, and gives 
results of the same order of accuracy as does the Schoenheimer-Sperry 
method, the authors believe that it will satisfy the need for a good clinical 
method for the photometric determination of total cholesterol. 

SUMMARY 

A simple, reproducible, and accurate method is presented for the photo- 
metric or visual determination of total cholesterol in human sera or plasma. 

The principle of the method depends upon the e.xperimental fact that 
when a mixture of serum or plasma and acetic anhydride-dioxane (3:2 by 
volume) is heated in a boiling water bath for 30 minutes there occur simul- 
taneously an extraction of cholesterol and cholesterol esters, precipitation 
of proteins, and conversion of water present into acetic acid. 

A new total cholesterol standard consisting of a solution of equal parts of 
cholesterol and cholesterol ester in acetic anhydride-dio.xane is used in this 
procedure. In the preparation of the.standard curve an amount of water 
is added to the standards equivalent to that contained in the serum or 
plasma. 

Extensive e.\perimental studies were made of all the factors affecting the 
color produced with this modified Liebermann-Burchard reaction, includ- 
ing variations in the amount of water present, temperature, time of reading, 
ratio of acetic anhydride to dioxane, time of heating, method of adding 
reagents, and ratio of cholesterol to cholesterol ester. These studies 
furnished conclusive proof that by the use of this procedure conversion of 
the cholesterol ester into cholesterol previous to the addition of the Lieber- 
mann-Burchard reagents is not required for accurate results. 

Some 50 sera obtained from normal male adults were examined by this 
procedure and gave a normal range from about 190 to 270 mg. per cent of 
cholesterol, with the large majority of the values falling at about 210 mg. 
per cent. Recoveries of total cholesterol added as cholesterol, cholesterol 
ester, or a mixture of both, averaged about ±5 per cent, and the serum 
values by this procedure checked with those obtained \vith a digitonin 
cholesteride method. 

The authors wish to acknowledge their gratitude to Miss Pauline Saifer 
^Tirl Miss Mildred Glick for their aid in editing and typing the manuscript 
and to Mr. Samuel Schiffer for preparing the charts. 
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In a previous study (1) it was found that the administration to rabbits 
of fluoride, cyanide, azide, iodoacetate, and malonate, aU known inhibitors 
of carbohydrate metabolism in iritro, uniformly resulted in markedly ele- 
vated blood concentrations of glucose, lactic acid, and phosphate. Insulin 
was found to prevent the rise in blood glucose concentration without affect- 
ing the behavior of the other measured blood components. It seemed of 
interest to study the variations in liver and muscle glycogen under these 
conditions in the hope that the mechanism by which insulin prevented the 
rise in blood sugar concentration might be elucidated. 

EXPERIMENTAL 

IMale rats of the Vanderbilt strain (2) weighing over 250 gm. were used in 
all experiments. Sodium fluoride was the inhibitor chosen because of the 
smooth and unif orm beha^r of rabbits when given this substance. In a 
series of preliminary trials it was found that when this drug was given at a 
level of 250 mg. per kilo, subcutaneously, most animals died between 120 
and 180 minutes later. The ins ulin dosage was 80 units per kilo, sub- 
cutaneously. The rats given insulin alone (Group 3) were sacrificed 150 
minutes later. Groups 4 and 5 were given sodium fluoride 30 minutes after 
administration of the insulin. Group 5 also received 1.5 gm. of glucose per 
rat intraperitoneally simultaneously with the insulin administration. All 
rats were well fed on a standard commercial chow. 

Blood glucose was determined by a modification of the micro technique of 
Folin (3), liver and muscle glycogen by the procedure of Good, Kramer, and 
Somogyi (4), and blood lactic acid was estimated in pooled samples of 
blood, according to the method of Barker and Siunmerson (5). The re- 
sults are summarized in Table I. Each value is the mean of a group of six 
animals. 

As in the rabbit, sodium fluoride poisoning induced a marked elevation in 
blood glucose and lactic acid concentrations. At the same time, liver and 
muscle glycogen were seriously depleted. Data obtained from only a few 
animals indicated that in the rat, as in the rabbit, fluoride poisoning elicited 
a marked elevation of the serum phosphate concentration and this was not 
prevented by insulin . From the data previously obtained in rabbits (1) 
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it may be presumed that fatal poisoning by other inhibitors of carbohydrate 
metabolism, e.g. malonate, cyanide, iodoacetate, would also result in deple- 
tion of liver and muscle glycogen. It is of some interest to note that such 
depletion of muscle glycogen, in vivo, has only been seen heretofore in 
association with convulsive activity. 

While not indicated in Table I, it should be stated that the lower terminal 
blood sugar values were obtained from those animals mth the lowest liver 
glycogen concentrations. This has been interpreted to mean that liver 
glycogen is the source of the blood glucose of fluoride-poisoned animals, as 
it is in normal animals. This conclusion was also apparent from a separate 
study wherein both well nourished and fasted rats were given fluoride in the 
usual manner and blood samples were collected for glucose determinations 
every 30 minutes. The results are summarized as Curves A and B re- 


Table I 

Effects of Insulin on Chemical Changes in Fluoride Poisoning 
Each value represents the mean of a group of six rats. 


Group 

No. 

Drug 

Blood glucose 

Blood lactic 
acid 

Liver glycogen 

Muscle glycogen 


1 

mt, per ctnt 

m(. per cent 

per cent 

per cent 

1 

None 

116 ± 12 

16 ± 3 

3.9 dcO.S 

0.71 ± 0.05 

2 

NaF 

202 ± 26 

193 ± 25 

0.63 ± 0.08 

0.14 ±0.02 

3 

Insulin 

41 d: 7 

24 ± 5 

4.8 ±0.4 

0.68 ± 0.07 

4 

Insulin -1- NaF 

91 ± 8 

, 214 ± 17 

0.82 ± 0.10 

0.60 ± 0.04 

5 

Insulin -1- NaF 
-b glucose 

116 ± 9 

' 167 ± 18 

1 

t 

1.21 ± 0.09 

0.63 ± 0.05 

1 


spectively in Fig. I. Although the terminal values were never as high as 
the peak values in either group, the well nourished animals were invariably 
hyperglycemic throughout the experiment, while the fasted rats, with 
smaller initial glycogen reserves, were hypoglycemic when they died. 
Thus, the terminal hs^ioglycemia reported by ICaplan and Greenberg (6) 
in fluoride-poisoned rata which had previously been fasted was due to de- 
pletion of the liver glycogen and probably not, as they suggested, to fluoride 
inhibition of the liver phosphatase which hydrolyzes glucose-6-phosphate. 

Insulin, given alone, lowered the blood sugar in the usual fashion, while 
the values for liver and muscle glycogen and blood lactic acid were not 
significantly different from the untreated controls. When insulin-treated 
rats were poisoned with fluoride, the terminal blood sugar values were 
essentially normal, as had previously been observed in rabbits. However, 
the lactic acid concentration was elevated and the liver glycogen depleted 
much as when fluoride was given alone, while the muscle glycogen con- 
centration was only slightly diminished. 
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A separate group of ammals was given a large dose of anterior pituitary 
extract (25 mg. per 100 gm. subcutaneously in saline) 30 minutes before 
fluoride administration, but this had little effect except to provide some- 
what higher terminal blood glucose values. , 

DISCUSSION 

Since the actual mechanisms underlying the events observed during 
fluoride poisoning are, at best, incompletely imderstood, it is not possible 
at this time to interpret adequately the effects of insulin in this connection. 
However, a few conclusions seem to be warranted. The rise in blood 
glucose concentration in fluoride poisoning appears to be due to an accel- 



Fia, 1. Blood sugar conceutratiooa during sodium Suoride poisoning in well 
nourished (Curve A) and fasted rats (Curve B). 

crated “glycogenolysis” in the liver. However, the lactic acid which 
accumulates in the circulation may arise in the liver as well as the peripheral 
tissues. Since the liver glycogen was depleted in the insulin-fluoride-treated 
animals despite the essentially normal blood glucose levels, insulin does not 
appear to inhibit, in vivo, any of the various steps involved in liver glyco- 
genolysis; i.e., glycogen — > glucose-l-phosphate glucose-6-phosphate — » 
glucose inorganic phosphate. Under the conditions prevailing in fluoride 
poisoning insulin appeared to have no effect upon the formation of lactic 
acid or its removal either by o.'ddation or gjyconeogenesis. 

The only action of insulin in this astern which suggests itself and seems 
compatible with all the data is an acceleration of the converdon of blood 
glucose to muscle (e.xtrahepatic) glycogen or some intermediary metabolite 
in that process. This would account for two otherwise anomalous situa- 
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tions, i.e. that the excessive hepatic glycogenolysis was not Lohibited by 
insulin while the blood glucose remained essentially normal, and also that 
the conversion of peripheral glycogen to lactic acid was unaffected by in- 
sulin; yet the muscle glycogen concentration was scarcely diminished as 
compared with the effect of fluoride alone. Thus if the rate of glycolysis 
in liver and muscle and the rate of hepatic glycogenolysis were unaffected 
by insulin while the conversion of blood glucose to muscle glycogen (or 
some intermediate such as glucose-6-phosphate) was accelerated to a rate 
commensurate with lactic, acid synthesis, thereby sparing the muscle gly- 
cogen, the present data would appear to be rational. The possibility of 
an accelerated hepatic glycogenesia as well is not e.xcluded by these data. 

This hypothesis is in agreement with the accelerated disappearance of 
blood glucose effected by insulin in the hepatectomized dog (7) and the in- 
creased muscle glycogen resulting from the administration of insulin plus 
glucose as compared with giving glucose alone (8). The conversion of 
blood glucose to tissue glycogen involves three steps, i.e., glucose -h adeno- 
sine triphosphate — > glucose-6-phosphate — > glucose-l-phosphate glyco- 
gen. The data reported herein do not peimit any deduction as to which of 
these reactions is actually accelerated by insulin. However, since the 
present work was done, this point has been clearly established by Price, 
Cori, and Colowick (9), who demonstrated that insulin overcomes the in- 
hibiting effect of anterior pituitary extract on the action of hexokinase, 
the enzyme which catalyzes the formation of glucose-6-phosphate in the 
scheme above. 

This work was supported by grants from the Josiah Macy, Jr., Founda- 
tion and the Duke University Research Council. 

SUMMARY 

Fatal sodium fluoride poisoning in rats was accompanied by markedly 
elevated blood glucose and lactic acid concentrations and severely dimin- 
ished liver and muscle glycogen concentrations. Insulin, given 30 minutes 
before the fluoride, prevented the increase in blood glucose and decrease in 
muscle glycogen concentration, but did not affect the accumulation of 
lactic acid or the depletion of liver glycogen. It is concluded that, under 
these conditions, insulin operated by accelerating the conversion of blood 
glucose to muscle glycogen or some intermediary metabolite, presumably 
glucose-6-phosphate. 
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THE CARBOXYLASE ACTIVITY OF JACK BEANS (CANAVALIA 
ENSIFORMIS) AND SOY BEANS (GLYCINE HISPIDA) 

Br PHILIP P. COHEN 

(From the Laboratory of Physiological Chemistry, University of Wisconsin, 

Madison) 

(Received for publication, llay 2; IMS) 

The determination of urea, according to the method of Krebs and Hense- 
leit (1), involves the manometric measurement of the carbon dioxide formed 
by the action of urease at an acid pH. In the course of an investigation 
on urea synthesis in liver slices it was observed that very high “urea” values 
were obtained when piuiivate and oxalacetate were added as substrates. 
Further study revealed the presence of a potent carbo.xylase system in the 
jack bean meat. Soy bean meal, on the other hand, proved to be practically 
free of carboxj’lase actmty. Dickens and WeU-Malherbe (2) have also 
noted the carboxylase activity of jack bean meal. 

Experiments are here reported which demonstrate the presence of a 
potent carboxylase system in jack bean meal and the effect of this system 
on the manometric determination of urea in biological sj'stems. 

EXPEBIMENTAL 

Preparation of Jack Bean and Soy Bean Meal Extracts — ^Aqueous extracts 
of commercial jack bean meal (Arlco) and freshly ground soy bean meal 
were prepared according to Krebs and Henseleit (1). 10 gm. of meal were 
suspended in 35 ml. of HjO and the suspension allowed to stand overnight 
at room temperature. The suspension was then centrifuged and the 
centrifugate discarded. The supernatant was brought to pH 5 by the 
addition of 0.1 volume of 3 m acetic acid-sodium acetate buffer, pH 5, and 
allowed to stand in the cold for 1 hour. The solution was again centrifuged 
and the yellow opalescent supernatant used. 

Dialysis of Urease and Carboxylase Solutions — A. portion of the super- 
natant resulting from centrifuging an aqueous extract of jack bean meal 
(first step above) was dialyzed in the cold against saturated NajHPOi 
solution for 4 hours and then against distilled water for 15 hours. The 
dialyzed solution was then brought to pH 5 with acetic acid-sodium acetate 
buffer. In comparing the dialyzed and non-dialyzed solutions for urease 
and carboxylase activities, the volumes were adjusted to correct for dilution 
during dialysis. 

Measurement of Urease and Carboxylase ActivUy — Urease activity was 
measured manometrically in Warburg vessels at 38°. The main compart- 
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ment contained 1.7 ml, of HjO, 1.0 ml. of 0.01 M urea solution plus 0.3 ml. 
of 3 M acetic acid-sodium acetate buffer, pH 5. The side arm contamed 
0.5 ml. of the enzyme solution. 

Carboxylase activity was measured in a similar manner, except that 
1 ml. of 0.01 M pyruvic acid, adjusted to pH 5, was used in place of urea. 

Results 

Effect of Dialysis on Urease and Carboxylase Activity of Jack Bean Meal 
Extracts — ^The effect of dialysis on urease and carboxylase activity of 
aqueous extracts of jack bean is shown in Fig. 1. It is apparent that 



Fia. 1. Effect of dialyais on carboxylase activity of jack bean meal extracts. 
The experimental conditions are as described in the text. Cocarboxylase addition, 
50 y; addition, 2 mg. per cup. 

urease activity is unaffected by dialysis. Carboxylase activity, on the 
other hand, is practically completely lost. The carboxylase system can be 
reactivated to approximately 95 per cent of its original activity b}’’ the 
addition of cocarboxylase and magnesium ions. This effect definitely 
proves the presence of a typical carboxylase system in jack bean meal. 

As seen from Fig. 1, the carboxylase activity of jack bean meal is con- 
siderable. Calculated on a basis of nitrogen content of extracts, jack bean 
meal has about 40 per cent the activity of brewers’ yeast prepared accord- 
ing to the method of Westerkamp (3). 

Comparison of Carboxylase Activity of J ack Bean Meal and Soy Bean Meed 
— comparison of the carboxylase activity of jack bean and soy bean meal 
revealed that the latter is practically free of carboxylase activity (Fig. 2). 
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Fig. 2. Comparison of carboxylase activity of jack bean and soy bean meal ex- 
tracts. 


T.4:ble I 

Urea Formation in Rat Liver Slices, As Measured by Jack Bean Meal Extracts and 
Purified Urease {Arlco) 


Bat fasted 4S hours. Glucose (200 mg. per cent) and saline bicarbonate medium; 
gas phase 5 per cent CO-, 95 per cent 0-; 38°; substrate concentrations, NHjCl, 
0.0187 u; other substrates, 0.0167 is. Incubation time, 60 minutes. 


SobstraU 

1 

Q cm 

Arlco urea5e 

Jack bean seal urease 


0.67 

0.85 

NH.a 

l.&l 

2.05 

Pyruvate 

0.41 (7) 

12.62 (144) 

“ andNH.Cl 

1.01 (15) 

11.40 (150) 

Oxalacetate 

3.71 (48) 

23.31 (220) 

“ andNH.Cl 

3.06 (53) 

13.65 (225) 

Asparagine 

3.60 

3.18 

Glutaminft 

3.45 

3.68 


The figures in parentheses represent microliters of COj formed. The differences 
in Q values are due to differences in tissue weight. 


Two crops of soy beans were used. One group of beans was at least 4 years 
old and failed to germinate. The other beans were of a recent crop and 
germinated readily. There was no difference in the urease activities of the 
two crops, and both were free of carbo:^lase activity. 

While soy bean meal extracts can be used as a source of carboxylase-free 









688 


CARBOXYLASE ACTIVITY OP BEANS 


urease preparations, it is far more convenient to use a purified commercial 
preparation. Arlco urease^ was found to be stable in dry form for long 
periods of time and to provide highly active urease solutions, completely 
free of carboxylase, in concentrations of the order of 5 to 10 mg. per ml. 

Use of Jack Bean Meal Extracts for Manometric Urea Estimation in 
Biological Material — In Table I typical data from an e.xperiment on urea 
synthesis in liver are shown. Urea formation was estimated both wth an 
aqueous extract of jack bean meal and wth a purified commercial urease 
preparation (Arlco urease) which was free of carboxylase. It can be seen 
that in the absence of suitable controls the use of jack bean meal can lead 
to an erroneous impression as to the r61e of compounds such as pyruvate 
and oxalacetate on urea synthesis. The suggestion by Leuthardt and 
Glasson (4) that pyruvate and oxalacetate play intermediate rdles in urea 
synthesis could be explained, at least from the data published, on this basis. 
It should be noted (Table I) that even with the use of controls, that is 
pyruvate and oxalacetate alone, higher urea values could be obtained by 
having smaller amounts of tissue in the experimental flasks. 

In the case of oxalacetate the rate of spontaneous decarboxylation is 
considerable, even in the absence of carboxylase. In the presence of car- 
boxylase (jack bean meal extracts) very large amounts of carbon dioxide 
are formed. 

Thiamine Content and Carboxylase Activity of Soy Bean — The thiamine 
content of soy beans is listed as 41.0 i.u. per gm. or 12 7 per gm. (5). De- 
termination of thiamine in jack bean meal by the thiochrome method- 
gave a value of 9.78 7 per gm. Since the jack bean meal represented 
approximately two-thirds of the whole bean due to previous defatting, this 
would correspond to a value of about 14.7 7 qf thiamine per gm. of whole 
bean. Thus, while the two beans contain approximately the same amount 
of thiamine, jack beans have an active carbo.xylase system and soy beans 
do not. 


DISCUSSION 

The carboxylase activity of plant seeds has not been systematically 
investigated. Andersson ( 6 ) appears to have carried out the first investi- 
gation of the enzyme system using pea bean meal. He found that a true 
carboxylase system was present requiring cocarbo.xylase and magnesium 
ions. Zeijlemaker (7) studied the carboxylase system in oat seeds and 
seedlings and demonstrated an increased activity after the addition of 

‘ Purchased from the Arlington Chemical Company. 

* This determination was carried out through the kindness of Mr. Jack Reinhardt 
of the Department of Biochemistry. 
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cocarboxylase. Bunting and James (8) reported tbe presence of a car- 
bosyiase system in barley seedlings. 

In the present study, two seeds of the bean family, jack bean {Canaxalia 
ensiformis) and soy bean {Glycine hispida), reveal striking differences in 
their carboxylase activity, the former having a potent system and the latter 
being free of this enzyme. Of considerable interest is the fact that both 
beans contain appro.ximately the same amount of thiamine. The possibil- 
ity exists that the need for a carboxylase system in the soy bean is small, 
due to the high protein and fat and low carbohydrate content. The rela- 
tively higher carbohydrate content of other beans of the jack bean type 
would indicate the requirement of an active carboxylase system for the 
intermediary metabolism of such beans. 

SmQfAHY 

1. Jack beans contain a potent carboxylase system requiring cocar- 
boxylase and magnesium ions. 

2. Soy beans contain approximately the same amount of thiamine as 
jack beans, but are free of carboxylase activity. 

3. The use of jack bean meal e.vtracts for the manometric estimation 
of urea in systems containing pyruvic or oxalacetic acids may lead to 
erroneous "urea” values, due to the carboxj’lase activity. 
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ISOLATION OF A PEPTIDE OF p-AAIINOBENZOIC ACID 
FROM YEAST* 
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{From the Departments of Medicine and Biochemistry, College of Physicians and 
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(Received for publication, April 17, 1916) 

Since Woods (1) showed in 1940 that p-aminobenaoic acid (PAB) re- 
verses the bacteriostatic effect of the sulfonamides, the metabolic function 
of PAB has been the subject of considerable investigation. According to 
the current view, first advanced by Fildes (2), some essential enzymatic 
process, in which PAB participates, is blocked by the sulfonamides as the 
result of a competitive inhibition. We have considered the possibility 
that a derivative of PAB, elaborated by the cell, might be more directly 
involved than PAB itself, and have, therefore, undertaken an investigation 
of the various forms in which PAB occurs in yeast. 

Free PAB has been isolated from yeast by Blanchard (3). He suggested 
the presence also of a hound form, conjugated through the amino group, 
from which free PAB may be liberated by hydrolytic reactions during 
autolysis. The present co mm unication is concerned with a second con- 
jugated form of PAB in which the carbo.vj-l group is boimd to a strongly 
acidic polypeptide and the arylamino group is free. It is apparent that 
this substance may contribute to the increase in diazotizable amine, ob- 
served by Blanchard after cell disintegration, merely by becoming available 
to the diazotizing agent. There is some evidence that in animal tissue also 
PAB occurs in more than one variety of bound form (4). 

The new substance accoimts for 20 to 30 per cent of the total PAB con- 
tent of yeast. Approximately 400 mg. of the purified peptide were obtained 
from 50 kilos of dried yeast. This represents a yield of about 8 per cent 
of the peptide present in the first stage of separation. The isolation pro- 
cedure was necessarily complex and entailed large losses. Details of the 
procedure are given in the e.xperimental section. 

Analytical data indicate that the purified amorphous material is 90 to 
95 per cent pure, and that all nitrogenous impurities have been remor'ed. 
The substance is readily soluble in water, alcohol, and a 1 : 1 alcohol-ether 
mixture, but is insoluble in dry ether or acetone. It is very hygroscopic 

* Thia investigation was supported by grants from the Rockefeller Fo und ation, 
the WiUiams-Watennan Fund of the Research Corporation, and the Lederle Labora- 
tories, Inc. The initial phase of this investigation was supported by the Nutrition 
Foundation, Inc. 
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and difficult to free completely from moisture or solvent. Attempts at 
further purification by ion exchange reagents, such as Amberlite IR-4 or 
acid-washed alumina, were unrewarding. It was recognized at an early 
stage that the search for a crystalline derivative would undoubtedly require 
more material than the few hundred mg. available for study; investigation 
of structure was, therefore, carried out on material purified by fractionation 
of the silver, lead, and barium salts and by solvent fractionation. 

No attempt has been made to estimate the molecular weight of the 
peptide. The results indicate that a minimal unit is made up of 1 ter- 
minal PAB residue, one amide group, 10 or 11 glutamic acid residues, and 
1 unknoivn amino acid residue, probably acidic in nature. 

Identification of PAB and Mode of Linkage — The PAB moiety has been 
identified by isolation from a hydrolysate and conversion to the picryl 
derivative (see the experimental section). PAB cannot be removed from a 
solution of the peptide by extraction with ether at pH 3.8 (the isoelectric 
point of free PAB), except after acid or alkaline hydrolysis. Since the 
bound PAB responds as an arylamine in the method of Bratton and Mar- 
shall (5), only the carboxyl group is involved in a peptide bond. The 
Bratton and Marshall method has been used also to estimate the PAB 
content of the peptide, a procedure justified by the fact that the PAB con- 
tent of p-aminobenzoylglutamic acid may be estimated accurately by the 
same method. Apparently PAB is linked in the molecule in no other form, 
for the expected amount is recovered after hydrolysis. 

Absorption Spectrum — ^Further evidence of the mode of linkage is offered 
by light absorption data. The position of the absorption ma.ximum of 
free PAB, as with other benzenoid compounds having ionizing groups, is 
shifted by a change in pH (Fig. 1, A). At pH 4 the ma.\'hnum lies at 280 
mfi, while at pH 7 and 13 it appears at 267 m/j, and at pH 1 absorption is 
almost completely abolished in this region. Derivatives of PAB in which 
ionization of the benzenoid carboxyl group is impossible, such as p-amino- 
benzoylglutamic acid (Fig. 1, D) and p-aminobenzamide, display a maxi- 
mum at 275 mfi which is not altered by changes in pH from 4 to 13, but is 
abolished at pH 1. The absorption curve of the isolated peptide e.\hibits 
the same characteristics as the two latter compounds: (1) a maximum at 
270 m/x in the pH range from 4 to 13 and (2) appreciable diminution at pH 1 
(Fig. 1, <7). The low absorption at pH 1 is associated with the ionization 
of the benzenoid amino group. When suppressed, as in N-acetyl-p-amino- 
benzoylglutamic acid (Fig. 1, B), N-acetyl-p-aminobenzoic acid, and N- 
acetyl-p-aminobenzamide, the absorption at pH 1 coincides \vith that 
observed at higher pH values. This behavior, by contrast to that of the 
polypeptide, offers further evidence that the arylamino group in the latter 
is not bound. 
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The absorption curve of the isolated peptide does not, however, coincide 
completely with the curve for p-aminob^oyjglutamic add. The extinc- 
tion coeffident of the former is higher than would be expected, and, though 
at pH 1 the value is greatly reduced, some residual absorption is observed. 
An effect such as this might be attributed to acetylation of a fraction of the 
PAB component. This possibility has, however, been definitely excluded 
by the facts that (1) the readual absorption is virtually unaltered by 



WAVE.. LENGTH IN 

Fig. 1. Light absorption curves of isolated p-sminobenzoic acid peptide and re- 
lated compounds. The data were obtained with bu^ered solutions (X) at pH 7.0 
{0f)5 n phosphate); (O) pH 4.0 (0.05 ii acetate); and (A) inO.lNNaOH; (□) 0.1 
N HCl. The broken line is the A curve for the isolated peptide. 

hydrolysis (conditions known to remove acetyl groups) and (2) the recov- 
ery of PAB on hydrolysis is not greater than expected from its estimated 
value in the unhydrolyzed peptide. The residual absorption disappears 
under the conditions employed for complete hydrolysis and cannot be 
attributed to another h'ght-absorbing constituent of the peptide, since the 
most likely possibilities, tryptophane, tyrosine, and nucleotides, have been 
excluded. It is more probably associated with a contaminating pigment, 
2 or 3 per cent of which might be sufficient to produce the amount of readual 
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absorption observed. If it is assumed that the pigment absorption is not 
affected by pH changes, this absorption may then be subtracted from the 
curve observed at a higher pH. The resulting curve (A curve, Fig. 1, C) 
closely resembles that of the pure peptide; it has a maximum extinction 
coefficient at 275 mju in good agreement with that of p-aminobenzoyl- 
glutamic acid. 

Estimation of Homogeneity — ^Three preparations of 42, 159, and 207 mg. 
have been separately purified and analyzed for the individual components. 
The analytical data given in Table I show good agreement, considering the 
experimental error of the methods employed. More convincing evidence 
of homogeneity is offered by the results of dialysis. The ratio of PAB to 
total nitrogen was estimated in five successive fractions of the dialysate 
and was uniform within the experimental error. Certainly short peptides, 
having a higher ratio of PAB to nitrogen, would have appeared in the first 
fraction had any been present. 

Estimation of Purity — Preparations of the purified peptide are ash- and 
phosphorus-free and contain about 1 per cent carbohydrate. A polypep- 
tide of the composition assigned should contain about 11.6 per cent nitro- 
gen, if the unknown amino acid does not have an unusually long carbon 
chain. Although data on the nitrogen distribution agree from one prepa- 
ration to another, the total nitrogen and PAB values, based on dry weights, 
vary from 10.0 to 10.5 per cent nitrogen and from 7.6 to 8.1 per cent PAB, 
while the ratio of PAB to nitrogen is the same in all three preparations. 
The ratios w'ere 1:12.8, 1:12.8, and 1:12.7 respectively. Although the 
samples were dried at 110° in vacuo, there was evidence, from the fact that 
the largest sample gave the lowest nitrogen value, that the solvent had 
not been completely removed. The discrepancy cannot be attributed to 
the method of estimation for, in comparison, Dumas and Kjeldahl values 
were in close agreement. If attributed entirely to impurities, the material 
should, at worst, be considered about 90 per cent pure, and, at best, about 
95 per cent pure, if the low nitrogen values can be partially e.xplamed by 
incomplete drying of the samples. 

Glutamic Acid Content and Ratio of PAB to Glutamic Acid — Z-Glutamic 
acid is a second component of the polypeptide and accounts largely for the 
acidic nature of the unhydrolyzed material. It has been isolated as the 
hydrochloride and estimated by a variety of methods. 

Both the Cohen procedure (6), employing chloramine-T, and the sub- 
micro procedure of Waelsch' (7), which depends on the initial use of nin- 
hydrin,’ respond Avith d- as well as mth Z-glutamic acid. Estimation by 
bioassay^ (8) detects only the natural form. Since the results of aU three 
methods are in agreement, the glutamic acid must occur entirely in the 

‘ We are greatly indebted to Dr. H. Waelsch and Dr. E. Brand for these analyses. 
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natural form. The data recorded in Table I show also that each of three 
preparations gave values in substantial agreement with one flnr> f>ipr (77^ 
to 78.8 per cent glutamic N of total N). In an attempt to decide whether 
the peptide molecule contains 10 or 11 glutamic acid residues per mole of 
PAB, the decision must be made on the basis of relatively s mall differences, 
as shown by the theoretical values presented in Table I. With few excep- 
tions, submicro analytical methods with 40 to 70 7 of material were em- 
ployed throughout the investigation, owing to the axtremely limited supply 
of peptide. In view of the accuracy of the methods employed and of the 
purity of the peptide, a final decision is xmjustified, although the data 
appear to favor a 10: 1 ratio. 

Components Other Than Glutamic Acid and PAB — ^The peptide yields, 
on acid hydrolysis, 7.0 to 7.9 per cent of its nitrogen as ammom’a. As no 
increase was observed on prolonging the hydrolysis from 11 to 24 hours, 
the ammonia must be considered to have originated in an amide group. 

The sum of the three known constituents, glutamic acid, PAB, and amide 
nitrogen, accounts for 92 to 93 per cent of the total nitrogen. The remain- 
ing nitrogen (7 to 8 per cent) is present as an amino acid, as is shown by the 
values for a-amino nitrogen. If the average g-amino nitrogen value, 84.8 
per cent, as determined by estimates of ammonia liberated after treatment 
with ninhydrin (9), is taken as the basis of calculation, then the sum of this 
value plus the average amide nitrogen (7.6 per cent) and the PAB nitrogen 
(7.8 per cent) accounts for the total nitrogen (100.2 per cent) quite well. 
When a-amino nitrogen was estimated (10) by the amount of COj evolved 
on treatment with ninhydrin, the values were a few per cent higher and 
were scattered more widely (Table I). It might be inferred from the higher 
values that aspartic acid, which forms 2 moles of CO2, was perhaps the 
unknown amino acid.* No aspartic acid has been found in the course of 
attempts at chemical isolation, and bioassay revealed no significant 
amounts. The higher values may perhaps be attributed to other factors 
such as the partial decarboxylation of an unknown carboxyl group. 

The difference (6.8 per cent) between the glutamic acid nitrogen and the 
a-amino nitrogen approximates the value expected (7.1 or 7.7 per cent) 
on the assumption that 1 amino acid residue other than glutamic acid is 
present. The unknown amino acid is not identical with any of the fol- 
lowing: tryptophane, tyrosine, cysteine, methionine, serine, threonine, 
ar gininp , proline, aspartic acid, histidine, lysine, and probably leucine, 
isoleucine, phenylalanine (see the experimental section); as will be shown 
below, the substance is probably a dicarboxylic acid. 

Estimation of Carboxyl Groups — ^The unhydrolyzed polypeptide has no 
free amino groups except that attributed to P.AB. Electrometric titration 

• In this case the expected value would be 92.3 or 92.9 per cent. 
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with alkali shows that pH 7.5 to 8.5 may be taken as the stoichiometric 
end-point for estimation of the carboxyl groups. No evidence of further 
buffering was observed in the alkaline region up to pH 11. The titration 
curve of p-aminobenzoylglutamic acid displays an end-point in the same 
region with exactly 2 equivalents of alkali. 

In a polypeptide having one PAB group linked through the carboxyl, 
10 or 11 glutamic acid residues, one amide group, and 1 additional amino 


Table I 

Analysis of Isolated p-Aminobemoic Acid (PAB) Peptide 



Hydrolyzed 

Unhydiolyied 


Glutamic acid N* 

Amide 

N 

Caiboiyl 

N(COi) 

a'Amlno 

N(NHi) 

PABN 

Free 

coibozyl 

equlvolcnta 


per uni oj 
iatal If 

Ptt ctnl 

If 

per cent 
ej leial 
N 

ptt cent 
o/tolaIN 

per uni of , 
total if 

per cent of 
total H 
equivalenlt 

Preparation 2 

78.8 (C)t 





87.0 

“ 3 

74.1 “ t§ 

7.7% 

84.3t 



84.6 



7.011 

89. 8t 







87.011 




“ 4 

77.3 (B)i 

7.711 

87.0t 

84.611 

7.8 

88.0 


78.7 (W)ll 

7.911 


85.10 



Theory for 1 PAB, 1 amide, 

76.9 


84.6 

84.6 


84.6 

10 glutamic, 1 unknown 
dicarboxylic 


■ 



■1 


Theory for 1 PAB, 1 amide, 

78.6 


86.7 

85.7 


85.7 

11 glutamic, 1 unknown 
dicarboxylic 


■ 


1 

■ 



* Glutamic acid wae estimated by the Cohen method (C), by bioassay (B), and by 
the Waelsch method (W) . 

t Hydrolyzed 24 hours in 6 n NaOH at 106°. 
i Hydrolyzed 12 hours in 6 N HCl at 106". 

§ There was reason to suspect that the low value of this separately handled sample 
was due to incomplete hydrolysis. 

11 Hydrolyzed 24 hours in 6 n HCl at 106". 

acid residue, the respective numbers of free carboxyl groups arising from 
glutamic acid residues would be 11/14 (78.6 per cent) or 10/13 (76.9 per 
cent) of the number of nitrogen atoms. The average value observed, 86 
per cent, is appreciat»ly higher and suggests the presence of an extra acidic 
group (Table I) over that indicated by the above calculations. If the extra 
carboxyl were associated with the unkno'svn amino acid, the component in 
question would have to be a dicarboxylic amino acid other than aspartic 
acid, since this substance has been excluded from consideration. 

As was pointed out by Ivanovics and Bruckner (11), with regard to the 
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poJypeptide of d-glutamic acid eJaborated by Bacillus subiilis, the peptide 
bonds of glutamic polypeptides may involve either the a-carboxyl or the 
cj-carboxyl groups. Bovamick (12) has been able to show, by means of 
racemization studies, that the linkages are of the latter type. In the case 
of the PAB peptide, the nature of the peptide bonds is as yet unknown. 

Biological Aciivily — ^No biological activity has been observed with the 
peptide itself with respect to either growth-promoting effects or anti- 
sulfonamide action, except in so far as the test organism is able to liberate 
free PAB by hydrolysis. The biological inertness may perhaps be asso- 
ciated with an inability of a molecule of this size to penetrate the cell wall. 
Several years ago Auhaugen (13) investigated the biological activity of 
synthetic PAB peptides. He found p-aminobenzoyl-f-glutamic acid to be 
10 times more active than PAB in reversing the bacteriostatic effect of 
sulf anilam ide, but other laboratories have been unable to confirm this 
observation (14, 15). 


EXPERIMENTAL 

Isolation and Purification — ^The 20-40 strain of Fleischmann’s^ yeast was 
autolyzed fay suspen^g 1600 gm. in 4S00 cc. of water at 40° and incufaating 
the mixture at 38“ for 2 hours with frequent stirring. The autolysate was 
added to 16 liters of water and the pH brought to 2.0 by addition of 800 to 
900 cc. of 50 per cent trichloroacetic acid. The resulting precipitate was 
discarded and the filtrate, which amounted to 16.3 liters, after removal of 
proteins, contained 69.1 mg. of total PAB. No attempt was made to 
differentiate between the free and combined forms at this stage, since the 
subsequent treatment with silver nitrate leaves the free PAB in solutionj 
whereas the silver salt of the PAB-containing polypeptide is soluble in 
acid solution but insoluble in neutral and slightly acid solution. On the 
addition of 245 cc. of 25 per cent alver nitrate, acid-insoluble silver salts 
precipitated out and were discarded. The supernatant, which contained 
56.0 mg. of total PAB in a volume of 16 liters, was brought to pH 4.5 with 
2 N ammonium hydroxide. The resulting precipitate was centrifuged off, 
washed with dilute silver nitrate, and dissolved in 36 cc. of 50 per cent 
trichloroacetic acid. To the solution, which had a volume of 142 cc. and 
contained 13.8 mg. of total PAB, were added 900 cc. of 93 per cent ethyl 
alcohol. The mixture was allowed to stand at 5° overnight, centrifuged, 
and the precipitate was discarded after being washed with 100 cc. of SO per 
cent alcohol. The combined supernatant and washings contained 12.9 mg. 
of bound PAB in a volume of 1035 cc. A further purification was effected 
by conversion to the lead salt which, unlike the silver salt, is msoluble in 

* C. Frey of The Fleischmaim Company has generously supplied us with large 

amounts of the yeaafc. 
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acidified aqueous alcohol. Accordingly, 175 cc. of 20 per cent lead acetate 
were added and the precipitate was washed by centrifugation ivith 200 cc. 
of water. The crude lead salt was then decomposed by the addition of 20 
cc. of 0.5 M phosphate buffer (pH 6.5). After removing lead phosphate, 
the combined supernatant and washings, containing 6.5 mg. of bound PAB 
in a volume of 175 cc., were treated with 30 cc. of 25 per cent barium acetate. 
Water-insoluble barium salts were centrifuged off and extracted twice with 
50 cc. portions of hot water. The combined supernatant and washings 
contained 4.0 mg. of bound PAB in a volume of 300 cc. The crude barium 
salt, weighing 260 mg., was obtained by precipitation with 2 volumes of 
ethjd alcohol, and contained 2.0 mg. of bound Pi\JB. 

Purification of Crude Barium Salt — ^The chief impurities of the cmde 
material were a pigment, carbohydrate, and a nitrogenous material not 
containing PAB. Although none of these was acidic, they were carried 
down to some degree in each precipitation. Effective purification con- 
sisted in repeated precipitation of the barium and silver salts followed by 
precipitation of alcohol-insoluble impurities from solutions of the free 
peptide, and finally by removal of ether-soluble impurities. The purifica- 
tion was accomplished with a yield of about 50 to 60 per cent when the 
procedure was controlled by estimations of PAB. 

In a typical preparation, 2.5 gm. of crude barium salt were repeatedly 
extracted with small portions of water, the combined extracts (30 cc.) were 
made alkaline to phenolphthalein with barium hydroxide, treated withl 
volume of 95 per cent ethyl alcohol, chilled, and the barium salt was cen- 
trifuged off. This process of solution and precipitation of the barium salt 
w£fs repeated until water-insoluble impurities were completely removed. 
All volumes were kept small for this purpose. The barium salt was then 
decomposed by the addition of a small excess of dilute sulfuric acid. The 
solution of the free peptide, containing 16 mg. of PAB in a volume of 30 cc., 
was converted to silver salt by addition of 5 cc. of 25 per cent silver nitrate 
and was brought to pH 2 by careful addition of dilute sodium hydroxide. 
Insoluble material was removed, and the silver salt was precipitated out at 
pH 6. It was centrifuged off, washed with 1 per cent silver nitrate several 
times, suspended in H 2 O, and 0.1 n sulfuric acid was added until solution 
was just achieved. The process of precipitation and solution was repeated 
until all acid-insoluble silver salts were removed. The silver salt was 
suspended in about 10 cc. of 50 per cent alcohol and decomposed with HoS, 
in the usual manner. The solution of the free peptide was then brought to 
a syrup in vacuo under a stream of nitrogen and the residue was extracted 
with 5 cc. of 80 per cent ethyl alcohol. In order to remove all alcohol- 
insoluble impurities vdthout incurring large losses of the peptide, the process 
of concentration and extraction was repeated several times ivith successively 
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higher concentrations of alcohol until a clear solution of the peptide in 5 
cc. of absolute ethyl alcohol was obtained. 1 volume of ether was then 
slowly added to remove all but traces of remaining pigment. Finally, the 
peptide, dissolved in, 2 cc. of absolute ethyl alcohol, was precipitated with 
20 cc. of ether; 12.5 mg. of bound PAB were present. The extract of the 
crude barium salt had a ratio by weight of PAB to nitrogen to carbohj-drate 
of 1:3.34:1.03, and the purified material had a ratio of 1:1.28:0.10. 

Analylical Methods — ^Nitrogen was estimated on a submicro scale by the 
Kjeldahl procedure with the distillation apparatus of Markham (16). 
Ammonia was distilled into dilute boric acid and titrated with the aid of the 
Scholander micro burette (17) . The error of the method is about 2 per cent 
in a range of 20 to 100 y. 

Amide nitrogen was estimated after aspiration from K.COj, or after 
steam distillation, bj' submicro titration on samples containing about 10 y 
of a mm onia. The error of these estimations is consequently about 5 per 
cent. 

Isolation of Products of Hydrolysis — ^Hydrolysis was carried out in sealed 
tubes at 106“ in 6 n HCl or in 5 N NaOH. 1-Glutamic acid was isolated as 
the hydrochloride. The analytical data have been given in a preliminary 
publication (18). The isolation of free PAB from an acid hydrolysate and 
identification as the picryl derivative were also reported earlier. This 
has been repeated on a somewhat larger scale (11 mg.) and improved ana- 
lytical data were obtained. 

Analysis — CuHiOiN,. Calculated. C 44.8, H 2.31 
Found. “ 44.8, “ 2.50 

M.p. 284.5°, imcorrected; m.p. of an authentic sample of p-picrj’lamino- 
benzoic acid 284°, uncorrected; mixed m.p. 284-284.5°. 

Methods Used for Amino Acid Detection — These methods were carried 
out with amounts of hydrolysate sufiacient to detect the presence of at least 
2 per cent of the peptide as the amino acid in question. Tyrosine and 
tryptophane were absent when estimation was attempted by the Lugg 
method (19) in an alkaline hydrolysate. Nitroprusside and cuprous mer- 
captide tests were negative for cystine and cysteine, as was the color reac- 
tion of McCarthy and Sullivan (20) employed to detect methionine. Serine 
and threonine must have been absent, for there was no increase in amm onia 
on treatment with periodate (21). The modified Sakaguchi reaction of 
Dubnoff (22) was used to investigate the presence of arginine with a nega- 
tive result. The basis for the exclusion of aspartic acid has already been 
discussed, while lysine and histidine, though not estimated directly, have 
been excluded by the observation that all of the peptide nitrogen was ac- 
counted for either as amide, PAB, or a-amino nitrogen and that eridence 
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of any basic group in the un hydrolyzed peptide, other than the arylamine 
of PAB (pK 2.0 (23)) is lacking. Proline has been excluded by the fact 
that ammonia is not formed on treatment with ninhydrin (9, 24); yet 100 
per cent of the peptide nitrogen has been estimated. That leucine, iso- 
leucine, and phenylalanine were not present was shown by the method of 
Virtanen el al. (25). 


SUMMARY 

1. A peptide of p-aminobenzoic acid (90 to 95 per cent pure) has been 
isolated from yeast in an over-all yield of about 8 per cent of the quantity 
of peptide estimated to be present. 

2. On the basis of the nitrogen distribution and the identification of all 
but one component, a provisional structure has been assigned consisting of 
1 terminal PAB residue, one amide group, 10 or 11 1-glutamic acid residues, 
and 1 unkno\vn amino acid residue presumably acidic in nature. 

3. The chemical and light-absorbing properties of the peptide indicate 
that the PAB moiety is linked to the peptide through the carboxyl group 
and that the arylamino group is free. 

The authors are greatly indebted to Dr. Alvin P. Cobum, Dr. Bandolph 
West, and Miss G. Corbett for help in the early stages of the problem. 

Addendum — Some time after this manuscript was submitted for publication, the 
structure of folic acid was published (26). It appears that an essential part of 
the folio acid molecule is analogous to the PAB peptide described here. There re- 
mains to be determined, therefore, whether a functional relationship exists between 
the PAB peptide of yeast and the various conjugates of folic acid. 
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SPECTROPHOTOiCETRIC STUDIES 

xrv. THE CRYSTALLOGRAPHIC AND OPTICAL PROPERTIES OF THE 
HEMOGLOBIN’ OF MAE IE COMPARISON’ WITH THOSE OF 
OTHER SPECIES* 

By DAVTD L. DRABKIN 
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Pennsylvania, Philadelphia) 

(Received for publication, April 12, 1946) 

Attention has been called in Paper XII (2) to the desirability of an 
ultimate standardization of the hemoglobins of those species, including 
man, whose blood Ls commonly employed in physiological and clinical 
investigations. With this in view the crystallization of the hemoglobins 
and myoglobins of several species was undertaken. At the inception of the 
work it was found that the procedures of Green, Cohn, and Blanchard (3) 
and Can nan and Redish (4), when apph’ed to defibrinated human blood, 
failed to yield satisfactory ciystalline products. Refractile material, pre- 
sumably crystalline in nature, could be obtained, but the crystals were too 
s mal l and imperfectly developed to permit crystallographic description or 
interpretarion of form and were usually mixed with amorphous particles. 
Both of the above groups (3, 4) of investigators used salting-out procedures, 
necessitated by the unusually great solubility of human hemoglobin in 
reference to that of other species (3, 5). Crystallization in the laboratory 
of E. J. Cohn (3) was accomplished by the dialysis of hemolyzed solutions, 
obtained from citrated blood, against 2.8 ii phosphate buffer, pH 6.8. This 
is a modification of a method originally developed by TheoreU (6) for the 
crystallization of myoglobin. Carman and Redish (4), on the other hand, 
added sufficient (NH<):S 04 to concentrated solutions prepared from clotted 
cells to bring the specific gravity up to, but no higher than 1.155. The 
requirement of a critical concentration of (NIli):50i was foimd trouble- 
some. A slight excess of the salt beyond the necessary limi t resulted in 
amorphous products, confirming in this respect the finding of the original 
authors. 

In this paper a description will be given of modified techniques, which in 

* Part of the work described in this paper was done under a contract, recommended 
by the Committee on Medical Research, between the Office of Scientific Research 
and Development and the University of Pennsylvania. Permission for publication 
Eas been granted. .A preliminary report has been presented at the December 19, 
1944, meeting of the Physiological Society of Philadelphia, and an abstract has ap- 
peared ( 1 ). 
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many trials have consistently yielded from solutions of adult human hemo- 
globin beautiful, large crystals (in some cases of macro size) of the same 
type regardless of the salt employed in salting-out and independent of the 
method of anticoagulation. From this material crystallographic informa- 
tion was readily and successfully obtained. This permitted a crystallo- 
graphic comparison of the hemoglobin of man with those of other species. 
These findings will be presented together with spectrophotometric data 
upon unusually concentrated solutions prepared from crystalline human 
hemoglobin. In later communications data will be given on horse and 
human crystalline myoglobin (1) and evidence will be furnished in support 
of our earlier interchangeable use of the spectrophotometric constant at 
540 rofi of cyanmethemoglobin (2, 7) in studies involving the hemoglobins 
of dog, horse, and man, and a standard for hemoglobin (1) will be proposed. 

A study of the literature suggests that the hemoglobin of man may not 
have been crystallized heretofore in a form suitable for reliable crystallo- 
graphic characterization. Neither Green, Cohn, and Blanchard (3) nor 
Cannan and Redish (4) have given any information as to the crystallo- 
graphic properties of their isolated products. According to Preyer (8), 
earlier descriptions (9-16) of crystalline human hemoglobin are unreliable. 
In the more recent literature the classical treatise of Reichert and Brown 
(17) contains reproductions of 600 photomicrographs of crystalline hemo- 
globin from about 200 species, but none from man. These authors state 
that they succeeded in one instance in preparing crystalline human hemo- 
globin from a placental blood clot. The oxyhemoglobin crystal class is 
described as orthorhmnhic and probably optically 'positive, and reduced 
hemoglobin as monoclinic. The crysals were imperfect, no interference 
figures were obtainable, and “no satisfactory optical characters, beyond the 
straight extinction [in the case of the orthorhombic form], were observed” 
(17). Perrier and Jannelli’s finding (18) that somewhat different types 
of human hemoglobin crystals may be obtained from saponized blood of the 
new-born and adult respectively has been verified by Haurowitz et al. (19). 
The description of the crystals by the latter is neither clear nor complete. 
Crystals developed on a microscope slide by admixture of hemolyzed blood 
with saponin are for the new-born described as uniaxial and for the adult as 
biaxial (19). However, by dialysis against (NH 4 ) 2 S 04 “six-sided, doubly 
refractive, biaxial plates” (presumably pseudohexagonal forms) were ob- 
tained from umbilical cord blood. With the same technique maternal 
blood yielded mainly amorphous material, mixed with a small amount 
of “six-sided plates or pointed needles or scalenic rhomboids, the latter 
biaxial” (19). It will be seen that the crystals of adult human hemo- 
globin obtained by us belong to the tetragonal system, and therefore do not 
correspond to any of the earlier descriptions (10, 15, 17-19). 
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The ultimate method of analysis of the architectm-e of crystals is through 
their effect on x-rays. This method allows the deduction of intimate 
details of structure, but much information of value may be revealed by 
classical crystallography upon which are founded the fundamental inter- 
pretations applied to Roentgen raj' diffraction patterns. Except for pre- 
liminary work on rat and pig hemoglobins (20), onlj’ horse hemoglobin has 
been studied bj' the x-ray technique, but the latter substance has been 
investigated more thoroughlj* than any other crystalline protein. This 
work has been reviewed bj' Crowfoot (21) and Astburj' (22), and details 
have emerged in reports bj' Perutz and his colleagues on horse methemo- 
globin (23, 24) and oxyhemoglobin (25), crystallized in the presence of 
(^7H4 );SOj. It is axiomatic that the theoretical anil cell, deduced from 
the characteristics of the crystal lattice, is a miniature in its dimensions, 
axial ratios, and optical properties of the crystal, which maj' be considered 
as an organized complex built up bj' an orderlj-, periodic repetition of the 
units. An example will be furnished in this paper (Table III) of the close 
similaritj' of results obtained bj* the x-raj' (Perutz (23)) and petrographic 
microscope techniques (the latter used here), applied to wet and drj-ing 
specimens of crystalline horse methemoglobin. 

Milhoda 

CrysUdlizalion Procedures — Most of the preparations from human adult 
blood were made from cells recentlj’ separated bj' centrifugation from fresh 
citiated specimens, containing about 0.5 per cent of sodium citrate dihj*- 
drate (75 ml. of a 3.2 frer cent solution of the salt, slightly more than iso- 
tonic, per approximatelj" 400 ml. of blood). The essential point is the 
securing of solutions of hemoglobin of suitable concentration. The cor- 
puscles are thoroughlj' washed and packed bj' successive mixing and 
centrifuging, one time with 0.9 per cent MaCl and three times with a mixture 
of 1.2 per cent saline and 0.0025 m AlCb- stroma-free solution, the con- 
centration of which in hemoglobin is of the order of 8 to 10 nui per liter 
(referred to a molecular weight equix'alent of 16,700), is obtained from the 
packed cells bj' dilution with 1 volume of distilled water, thorough mixing 
with 0.4 volume of toluene, and refrigeration overnight, followed bj' centrif- 
ugation and siphoning oft the clear hemoglobin laj'er. Concentration of 
the hemoglobin is accomplished by dialysis in a refrigerator either against 
satmated (NIEl^Oi (700 gm. plus 1 liter of water, final volume of about 
1390 ml.), the more commonlv' used procedure, or against 2.8 ii phosphate 
buffer, pH 6.8 (3) (371 gm. 'of K;HP04-3H.0 and 160 gm. of KHiPO,, 
quantities appro.ximated from the data of Green (26), made up to 1 liter), 
until the volume of the sac contents is reduced by approximately 43 per cent. 
Under these conditions, three-fourths to four-fifths of the sac contents 
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precipitates in the form of a semisolid mass of refractile granules of oxy- 
hemoglobin, which may be considered crystalline, but unsuitable for char- 
acterization. The dialysis is carried out in sacs made from Visking cellulose 
sausage casing,^ with a ratio of approximately 1:3 volumes within and out- 
side of the sac. The length of time necessary for the required concentration 
of the sac fluid and precipitation of three-fourths to four-fifths of the con- 
tents is, of course, a function of the relative volumes on the two sides of the 
membrane. The ratio given above provides for a relatively slow (6 to 24 
hours) precipitation. The supernatant, concentrated solution, whose titer 
in hemoglobin is now appro.ximately 14 to 17.5 mM per liter (23.4 to 29.2 gm. 
per 100 ml.) and whose specific gravity is of the order of 1.16, is removed 
from the sac. Crystallization from this solution is accomplished by 
the cautious addition drop by drop with thorough stirring of saturated 
(NH 4 ) 2 S 04 or the 2.8 m phosphate buffer. The progress of this procedure 
is followed by microscopic examination, rigorous care being taken to avoid 
the addition of excess salt.^ When definite crystallization has been initi- 
ated, the material is set aside in a refrigerator. Recrystallization may be 
carried out by solution and repetition of the above procedure, ivithout 
change in crystal type, but, in our hands, second and third crystallizations 
rarely yielded as perfectly formed crystals as those originally obtained. 

CryslalUzalion in Presence and Absence of Added Salts — In a critical 
appraisal of the work of Reichert and Brown (17), whose crystallizations 
were usually by makeshift procedures from a drying protein ring on micro- 
scope slides and often from putrescent blood specimens, Hastings (27) has 
pointed out that it would be of considerable importance to reinvestigate 
the comparative crystallography of hemoglobins upon crystals “formed 

* A product of the Visking Corporation, Chicago. A convenient size of cellulose 
casing, used in this work, is If inch diameter. The simplest way to make sacs from 
this tubing is to seal the bottom by making a suflSciently long twist of the casing to 
allow for a firm tie with string, folding over, and application of a second tie. This 
should be done while the tubing is dry. A I^o. S, 1-hole rubber stopper, grooved on 
the side, is tied into the upper end of the tube and two loops of thread are provided 
for hanging the sac on a glass rod, over the dialysis vessel. Sacs of 13 inches length, 
made from the If inch casing, accommodate appro.ximately 375 ml. of solution, while 
9 inch sacs are sufficient for 250 ml. Two sacs can be subjected to effective dialysis 
in a 3 liter graduated cylinder, and eight sacs in a tall precipitating vessel of 15 liters 
capacity. The sacs may be employed over again a number of times. 

’ After the first appearance of typical crystals, several additional drops of 
(NH4)2S04 (or phosphate buffer) are added. If this is not done, the crystals may 
redissolve on standing in the refrigerator. On the other hand, if too much salt is 
added, an amorphous precipitate will result. When properly crystallized, the crys- 
tals may be preserved in their mother liquor for weeks at refrigerator temperature. 
Crystals may also be preserved on a microscope slide, with the edges of the cover-slip 
sealed with Lubriseal. However, such preparations undergo distortion owing to 
dehydration and possibly other factors, such as pressure of the cover. 
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from isoelectric salt free solutions.” This condition can be fulfilled with 
dog and horse hemoglobins which are relatively insoluble and co’stallize 
with great ease at the pH of their isoelectric points (28), but it cannot be 
met in the case of human hemoglobin owing to its solubility in the isoelec- 
tric region (3). It has been suggested that the presence of salts may have 
some influence on crj’stalline form (29), or on chemical constitution (30), 
but the x-ray studies have been interpreted as showning that water and 
such salts as (NHi):SO< lie between the relatively rigid hemoglobin mole- 
cules arranged in coherent sheets, and therefore have little effect on crystal- 
line character. However, to assure comparable conditions of crystalliza- 
tion for the hemoglobins of widely differing solubilities a compromise used 
in the present work was to study those hemoglobins (dog, horse) which 
crystallize spontaneously,’ both in the absence and presence of added 
(NHi)^0< or other salts. 

Cryslallographij — Commonly used terms such as needles, rods, prisms, 
plates, and rhombs are of little value in exact crystallographic description, 
particularly when they are based, as in Boor’s work (31), upon photographs. 
The primary requisites of crystallography are a description of crystal habit 
and classification, determined from the elements of crj’stallization (the 
axial ratios and angles of inclination of the axes (32), and the optical 
character (33)). This information is obtainable by means of the petro- 
graphic microscope (32, 33). In those instances (Tables I and III) in 
which data on aaal ratios or typical angles are given, they represent the 
mean of measurements upon selected, well formed crystals in the proper 
orientation. In the case of the tetragonal crystals of hmnan oxyhemo- 

* ‘^SpontaDcoiisly” (in reference to crystallization) is used in a broad sense to 
describe the crystallization which practically always occurs with dog hemoglobin 
and often with that of the horse in the course of preparation, as above, of the origmal 
stroma-free solution (8 to 10 mit per liter concentration). Such spontaneous crystal- 
lization probably does not differ fundamentally from that obtained by isoelectric 
crystallization in methods involving the addition of acid (28). The types of crystals 
secured by the two procedures are identical, A number of years ago J. H. Austin 
and the writer found that the crystalline mesh, 'which formed spontaneously from 
concentrated hemoglobin solutions, prepared from dog and horse erj'throcytes hemo- 
lyzed by freezing and thawing or by the addition of ether, could be rcdissolved com- 
pletely by alkalization from an original pH. of 6.7 to 6.9 to pH 7.6 with XaOH. In 
the present work alkali was not used. The crystalline material was diluted with 0.9 
per cent NaCl, and the supernatant solution, approximately 1.5 to 2.0 niM per liter 
in hemoglobin, was separated from the undissolved crystals by centrifuging. Re- 
crystallization of hemoglobin from the supernatant was accomplished by the addition 
of sufficient saturated (NH 4 )sS 04 solution to make the specific gravity 1.12. With 
stroma-free hemoglobin solutions I have found the following equation useful for ap- 
proximating the quantity of saturated CNH«)-S 04 (sp. gr. = 1.239) needed to reach a 
desired specific gravity: ml. of saturated (NH 4 )jS 04 required «= ml. of Hb solution 
X ((sp. gr. desired) — (ap. gr. of Hb solution))/(l.239 — sp. gr. of Hb solution). 
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globin, the orientation required is the front profile (see legend to Fig. 1, A 
and a in Figs. 2 and 3). The axial ratio, c:a, where a = 1.0, is calculated 



Fig. 1. A, an e.xact three dimensional representation of the tetragonal crystal o 
human oxyhemoglobin (in the presence of (NHjIjSO^), developed by means of clino- 
graphic projection from the top view and the ratio of c:o =» 1.263:1.0. As shown» 
the top view (along the c axis) is the square base of the tetragonal bipyramid, c in 
the aide view is taken = 1 .263 in comparison with o = 1 .0 in the top view. The angle 
fl' cannot be measured with the petrographic microscope, but angle 6 can be measured 
in crystals in front profile orientation (as in a. Figs. 2 and 3). As indicated, angle 3 
is bisected by a', which is perpendicular to a side of the square base. Therefore, a' = 
o X sin 45°. The dimension of c is obtained from the trigonometric relation, e = tan 
X Since a' = a y. sin 45°, c = tan 15 X sin 45°. B, a representation of the 
monoclinic crystal of horse methemoglobin. The crystal habit developed in the 
monoclinic forms (Figs. 8 and 9, and Fig. 10, A and B) is the side of the prism (front 
profile) and the symmetrical basal pinacoid. The angle between the clino axis, 
a, and c = 111.34°, while the dyad axis, b, is perpendicular to both o and c. The 
angle 25 = 116.0°. a' is drawn perpendicular to c. Hence, a' => a X cos (0 — 90°). 
But (from the relation in the basal pinacoid), o' = 5/ cot 5; therefore a = 6/ (cot 5 
X cos (^ — 90°)). When b is taken = 1.0, a = l/(cot 5 X cos (0 — 90°)). e and e' 
are the extinction angles, respectively, on the prism edge and on the clino edge (see 
Table HI). 

from c:a = tan ^0 X sin 45° = tan X 0.707. In the case of the mono- 
clinic crystals of horse methemoglobin and horse oxyhemoglobin in the 
presence of oxalate, the orientation necessary is the front profile (side of 
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prism) and the basal pinacoid (Fig. 1, B). The a.xial ratio a:b, where 6 
(the dj'ad axis) = 1.0, is calculated from a = l/(cot & X cos (3 — 90°)). 
(For the trigonometric relationships involved in the calculations see the 
legend to Fig. 1.) 

Speclrophalomelrjj — Concentrated solutions of aU of the crj-stallized 
preparations were subjected to spectrophotometry in the Drabkin and 
Austin special 0.007 cm. cuvette (7); so that, in contrast to earlier prepara- 
tions (3, 4, 17-19, 31), the e.xact character of the pigment crystallized was 
established. 


Results 

Tetragonal Human Oxyhemoglobin — The crystals were a beautiful ruby- 
red and strongly anisotropic (birefringent) in aU orientations except 
the square base. The crystal habit (Figs. 2 and 3) was pj’tamidal, nith 
the unit bipyramids of the first order in perfect, very symmetrical develop- 
ment. The tetragonal nature of the crj'stal was proved bj' the optical 
properties and the interference figures. With many examples of orienta- 
tion in the position of the isotropic square base (top vriew along the c axis. 
Fig. 1, A; also see Fig. 2), extinction and the tyyrical unia.xial cross (inter- 
ference figure) upon conoscopic observation were independent of the 
rotation of the crystal. In the front profile orientation (a in Figs. 2 and 3) 
e.xtinotion was straight or sjTnmetrical (i.e. in positions parallel with and 
perpendicular to the c axis). In the position of e.xtinction this orientation 
exhibited the tjq)ical unia.xial diffraction pattern on conoscopic observation. 
As the crystal was rotated to the bright position, the isogyres or brushes of 
the uniaxial cross separated, yielding a pseudobiaxial pattern. This be- 
havior is typical for tetragonal bipyramids. The optical character (sign of 
double refraction) was negative; i.e., the ordinary raj', t>-, proved to be the 
slow component and therefore had a higher inde.\’ of refraction than the 
extraordinary ray, e-, parallel to the c axis (Fig. 1, A). This was estab- 
lished without the interference figure (due to the intensitj' of the color of 
the crystals) bj' means of the first order red compensator plate, and was 
checked with the quartz wedge. 

The axial ratio, c:a, where a = 1.0, was determined accurately upon 
a sufficiently large number of crj'stals (Table I) for the main ciystalhza- 
tions from citrated specimens in the presence of (NH 4 ):SOi or phosphate. 
Apparentlj' the crystals obtained with sulfate or phosphate are practically 
identical (Figs. 2 and 3; Table I). The use of citrated or o.xalated blood 
definitely aided crystallization, but similar crystals were obtained from 
defibrinated specimens (in the absence of anticoagulants; Table I). 

Twinning, mainly from the faces of the prism (interpenetrant twins, t. 
Figs. 2 and 3) occurred very early in the crystallization and increased 
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Fig. 2. Tetragonal human oxyhemoglobin crystallized (from stroma-free concen- 
trated solutions prepared from originally citrated blood specimens) in the presence 
of (NH 4 ) 2 S 04 . 

Fig. 3. Tetragonal human oxyhemoglobin crystallized (from stroma-free concen- 
trated solutions prepared from originally citrated blood specimens) in the presence 
of 2.8 M phosphate buffer, pH 6.8. In each case the perfectly synunetrical unit bi- 
pyramids are shown in random orientation. Front profile orientations (a) were used 
for measurement of the apical angle and angle d. Imperfect examples of the square 
base orientations are present mainly in Fig. 2 (compare with “top view” in Fig. 1, /!). 
Typical examples of interpenetrant twins are designated by t. The linear dimensions 
are based on the determined magnification factors. 

progressively with crystal growth in bulk. Secondary growth on non- 
twinned crystals also occurred. This factor as well as pressure and possibly 
dehydration produced distortion in the crystals. The optical character 
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and the tetragonal nature (tjT)ical interference figure, etc.) were preserv'ed, 
but the a.\ial angles and ratios (difficult to measure with the petrographic 
microscope in these older large crj’stals) were markedly altered, as is illus- 
trated in Table I. For conditions of optimal measurement freshly crj-stal- 
lized specimens were employed. Pressure on the cover-slip was avoided, 
since the crystals were soft and easily fractured. 

Table I 


Axial Angles and Axial Ratio, c:a, of Crystalline Adult Human Oxyhemogldtin* 


K&ture of spedmen 

1 1 

Slit 

No. of 
OTStlls; 

I 

urod 

Aasle 3t 

(r»-gan value5) 

Apical 

assief 

(rasaa 

values) 

Arial 

ratio, 

CTiS % 




dtirus 

depea 


Citrated, fresh 

(NH.)2S04 

30 


59.68 

1.263 

“ old growths.. 

44 

6 


46.40 

1.706 

‘‘ fresh 

Phosphate 

buffer 

26 

123.87 rt 0,40 

59.2 

1.326 

Oialated, 

(hfH.).SO. 

18 

121.55 ± 0.24 

59.63 

1.265 

Debrinated, fresh 

44 

5 


59.6 

1.271 

C< (4 

phosphate 

I buffer 

8 

1 123.75 ± 0,12 1 

59.4 

i 

1.324 


* Character of pigment derivative established apectrophotometrically (see the 
text and Table II). 

t See Fig. 1, .d and a in Figs. 2 and 3. 

t Axis a = 1.0; c = tan \9 X sin 45°. 

§ Growth in bulk at refrigerator temperature in beakers covered with watch- 
glasses for a period of 7 to 10 days. Under these conditions a tendency towards con- 
version to ferrihemoglobin (methemoglobin) was demonstrated spectrophotome- 
trically. In 10 days the amount of oxidation (formation of methemoglobin) is of 
the order of 1 to 3 per cent (see foot-note 5). 

11 Owing to the nature of the secondary growth the measurement of these angles 
was uncertain (see the text). 

H Similar crystals were obtained in the presence of 1 per cent oxalate, added to 
stroma-free solutions prepared from originally dehbrinated blood specimens. 

The spectrophotometric data upon solutions of freshly crj'stallized adult 
human hemoglobin collected in Table 11 (E.\-periments 2 to 5) establish 
unequivocally that no detectable alteration in the character of the pigment 
from that present in normal, hemolyzed blood, exposed to air (Experiment 
1), occurred in crystallization. On the basis of the excellent agreement of 
the absorption constants (e values, defined in the legend to Table II) for 
Hb02 in the different preparations (Column 7, Table II), the unusually 
high ratios of cs 73 ;£s£i and (Columns 8 and 9), and the closely 

agreeing « values at the 555 mp maximum for Hb (Column 11), prepared 
from corresponding HbOj solutions by means of Na:S;0<, the conclusion 














Table II 

Companson of Exlinclion Coefjicienis, t, for Oxygenated HemogloMn and Deoxygenaled Hemoglobin, on Original Adult Human Blood 
Specimens and on Solutions from Crystallized Adult Human Hemoglobin Preparations 
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must 1)0 roiichcd tlmt the crystallized preparations were of unchanged 
oxyhemoglobin. Limitations in technique do not permit a decision as to 
the possible presence of similar quantities of ferrihemoglobin (methemo- 
globin) of an order of less than 0.5 per cent of the total pigment in both 
the original blood and the crystalline specimens. But the present data 
fortify our earlier conclusion (2) that the presence of more than this minimal 
quantity of Mllb appears to be incompatible with the findings. 

Particular attention maj' bo directed to Experiments 3 and 4, Table II, 
which attest to the unusual solubility of human oxyhemoglobin (3). In 
.spite of the presence of a high concentration of (NH 4 ) 2 S 04 , at a pH of 5.93 
(determined by the glass electrode), solutions were measured spectrophoto- 
metrically in the Drabbin and Austin special cuvette (7) at a concentration 
in oxyhemoglobin of 32.8 and 38.2 m.M per liter (54.8 and 63.8 gm. per 100 
ml., respectively). The agreement of the £ values obtained on these very 
concentrated solutions with corresponding values from measurements upon 
5Cl-fold diluted samples in cuvettes 1 era. deep (Experiments 3a and 4a) 
provides evidence that the pigment was in true solution. The concentra- 
tion of 63.8 gm. per 100 ml. is double that normally present in the erythro- 
cytes of man and is believed to be the highest concentration of hemoglobin 
yet studied by optical or other physical techniques. Drabkin and Austin 
(7) some years ago measured horse o.xyhemoglobin spectrophotometrically 
at a concentration of 42.7 gm. por 100 ml., but in the absence of salts and 
at pH 7.8. The concentration of 63.8 gm. per 100 ml., attained in the 
present work, represents the limit at which solutions of hemoglobin can be 
measured with any degree of accuracy in the 0.007 cm. cuvette. Such 
unusually concentrated solutions were found to gel on standing exposed to 
air for a short period of time. 

Preparation of Solutions for Standardization, and Preservation of Heino- 
globin — Experiment 2, Table II, is an example of data obtained from solu- 
tions of the retractile, crystalline-like precipitate formed in the sacs upon 
dialysis against saturated (NH 4 ) 2 SOi. Although this material was un- 
suitable for crystallographic characterization, it was in the fresh state un- 
altered o.xyhemoglobin, and was used to provide salt-free solutions for 
studies on hemoglobin standardization (1) to be reported later. The salt- 
free solutions were prepared either from this precipitate or from the tetrag- 
onal crystals, by dialyzing their solutions at refrigerator temperature 
against water (double distilled in glass to avoid metallic contamination) 
until the dialysate was free of chloride and sulfate. (My colleague. Dr. 
.1. H. Jones, has reported to me that such hemoglobin preparations are also 
practically free of phosphate.) 

The measurements recorded in Experiment 5, Table II, indicate that the 
procedures of crystallization and dialysis, which required about 1 week. 
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produced no change in the hemoglobin. For preserv'ation the salt-free 
oxyhemoglobin solution was saturated with pure carbon monoxide, and 
either stored as such in the refrigerator or in vacuum-sealed bottles in the 
drj' form, following desiccation in the frozen state. .A.t refrigerator tem- 
perature the HbCO solutions were found to remain unchanged for sex'eral 
months, while the preparations x*acuum-dried in the frozen state (of which 
sexeral hundred gm. were made) appeared to be extraordinarily stable. 
Except for a very' slow conversion to MHb, such preparations may be 
preserved for years. Since 1937, when the writer and E. W. Flosdorf (36) 
first prepared hemoglobin derixatives by the ‘lyophUization” process, 
occasional periodic tests have been made upon the preparations, stored in 
sealed containers in a refrigerator. Specimens of Jyophilized dog cyan- 
methemoglobin have remained unaltered for 9 years. Preparations of hemo- 
globin (tested for a period of 5 years) were partially oxidized to iNIHb,* but 
were undenatured in the sense that total pigment still remained completely 
convertible to Hb by' means of Xa-S-Oi. 

OiihoThombic Bog and Horse HbOt — Figs. 4 and 5 (for dog) and Figs. 6 
and 7 (for horse) illustrate the crystal habit of bull: crystallizations of dog 
and horse HbO-. Figs.'d and 6 are specimens of spontaneous crystalliza- 
tions’ from concentrated stroma-free solutions prepared from defibrinated 
blood, while Figs. 5 and 7 are corresponding recrystallizations from dilute 
solutions in the presence of (NH 4 ):S 04 to afford conditions approaching 
those used for the crystallization of the x ery soluble human HbOj. It is 
obvious that this salt had little effect on the character of the crystals. The 
crystals in all cases were long prisms, often of capillary form. The orienta- 
tions of these crystals prepared in bulk are such that axial angles could 
not be measmed. However, the extinction was straight (parallel xrith and 
perpendicular to the brachy'pinacoid or c axis), and in larger crystals the 

* Results obtained by the UTiter are in full agreement \nth the recent report of 
Farr and Hiller (37) that dry hemoglobin with onI> minimal quantities of MHb can 
be prepared by \acuum drying from the frozen state, and that such preparations 
when exposed m the dry state to air are extraordinarily susceptible to conversion to 
MHb. It may be stated that qualitatively this change towards fernhcmoglobin is 
not unusual The change occurs slowly and progressively when dilute solutions of 
oxyhemoglobin are allowed to stand exposed to air (3S), and more rapidly vrhen 
material such as the solid precipitate obtained m the dialysis against saturated 
is stored in non-evacuated containers Here the conversion can be fol- 
lowed by the progressive change in color from the surface downwards Tetragonal 
crystals of HbO* undergoing slow dehydration on a microscope slide have aLsO been 
found to be partially converted to MHb Such conversion in itself has apparently 
little influence on the crystal system, and suggests that human HbO* and 
MHb (formed after crystallization! may be crystallographic pseudomorphs. It does 
not follow, however, that human MHb formed before crystallization need crystallize 
in the tetragonal system (see the case of horse MHb in the text). 
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biaxial interference pattern ivas observed. The crystal system is therefore 
orthorhombic. No monoclinic forms (sec below) were observed in such 



Fig. 4. Orthorhombic crystals of dog oxyhemoglobin crystallized spontaneously 
from stroma-free solutions prepared from deiibrinated blood specimens. 

Fig. 5. The same recrystallized in the presence of (NH 4 ) 2 S 04 . The preparation 
shown in Fig. 4 was used, and solution followed by recrystallization was by the pro- 
cedure described in foot-note 3. 

Fig. 6. Orthorhombic crystals of horse o.xyhemoglobin crystallized spontaneously 
from stroma-free solutions prepared from defibrinated blood specimens. 

Fig. 7. The same recrystallized in the presence of (NH 4 ) 2 S 04 . The preparation 
shown in Fig. 6 was dissolved and recrystallized according to the procedure in foot- 
note 3. The linear dimensions are based on the determined magnification factors. 

crystallizations. It was established spectrophotometrically that the crys- 
tallized specimens were oxyhemoglobin. With these less soluble crystals 
of dog and horse HbOz it was possible to convert them completely to MHb 
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by means of a drop of concentrated KiFe(CX )4 added to the specimens on a 
microscope slide. Conversion as accomplished \nthout e^ddent change in 



Fig. 8. Monoclmic crystals of horsa oxyhemoglobin crystallized from stroma-free 
solutions by acidification to pH 6 G in the presence of 3 per cent potassium oxalate. 
(In the absence of oxalate typical orthorhombic crystals, as in Fig. 6, were obtained 
from an aliquot of the same hemoglobin solution.) 

Fjo. 9. Monoclinic crystals of horse oxyhemoglobin recrystallized in the presence 
of 3 per cent potassium oxalate and The preparation shown in Fig. 8 

was dissolved by acidification to pH 6 0 and recrystallized by addition of 
Twins typical of horse hemoglobin are indicated by t The linear dimensions are 
based on the determined magnihcation factors. 

crystal type. This is a good example of pseudomorphism for crystals of 
dog and horse HbOj and !MHb. 

Monocltmc Horse HbOz in Presence of Oxalale — In confinnation of 
Reichert and Brown (17), monoclinic horse HbOj crj'stals (Figs. 8 and 9 
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mul Experiment 1, Table III) were secured cither from stroma-free solutions 
prepared from blood to which jrotussium oxalate had been added (final 
ooneent ration of salt, 3 per cent) or from stroma-free solutions to which 
oxalate in the above concentration was added. It is clear from the photo- 


T.Mll.K III 

A.rinl Ai’slca iinil Axial Ilntinx of Monoclinic Ihmc Oxyhemoglobin* and ilelhemo- 
glohinf and lijjcct of Drying on Cr!iiit(dlino Character of Horse Mclhemoglobin 


■ 

Omraclcr of 
prc{)aratIon 

Anjjle 

(Fi*r. 1. iOt 

Angle 2J 
(Fiff. 

Extinction 

angles 

(Pis. I. m 

Aiiil ratio, 
o:J5 





decrees 


I 

flbO’, in pres- 

102.5 ± O.G 


■1-511 

1.577 


CHOC of 3% 
oxiilnte and 
(KIMsSO, 

(Fig. 9) 

1 

1 

i 

O.s^ 

! 


o 

Mill), in pecs- 

111. 31 db 0.20 



1.720 a.70S)tt 


1 cncc of (KU,);- 

so/* 

1 

1 

! 6.5-9.(i^ 



MHb, in pres- 

111.3 (lll.l)tt 

110.0 


1.71S (1.708)tt 

Shit 

! enco of (NHpj- 

114.7 

114.0 


1.712 

:iatt 

SO, 

IIS.O (n6.2)tt 

113.2 


1.718 (l.T08)tt 

■'m 


122.3 (I27.5)tt 

110.2 


1.695 (1.708)n 


1 

(I37.5)tt 



(1.630)tt 


* Dstublislicd spcctrophotomctrically. 

t Conversion lo MHb before crystallization by addition of 1,1 moles of KjFd(CN)j 
per 1 mole of hemoglobin iron. 

J Mean values, e.xcept in Experiment 3, in which individual crystals were meas- 
ured. 

§ Axis h = 1.0; a = l/(cot 0 X cos (ff — 90'^)). 

(( Extinction angle on prism edge (e. Fig. 1, B). 

Extinction angle on clinopinacoid («', Fig. i, B). 

** Practically identical crystals are obtained in absence of {NHd:SO< (Fig. 10). 

tt The values in parentlicses are b.ased on x-ray measurements, under comparable 
conditions, by Perutz (23). 

tt Measurements on the same cryst.als (one in the side of the prism and the other 
in the basal pinacoid orientation (Fig, 1, B)) during progressive slow drying (over 
.a period of 7 days) on a microscope slide. 

mierngraphs (Figs. 8 and 9) that the bulk of the crystallization is in the 
monoclinic system. The axial angles, including the characteristic oblique 
extinction angles, and axial ratios for these crystals are given in Experiment 
J, Table III. One brush of the biaxial interference figure, eccentric to 
the field and revolving as the crystals were revolved on the stage, was 
secured on conoscopic observation from the basal pinacoid orientations 
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(Fig. 1, B) This behavior suggests that these crystals were optically 
positiie (17). A comparison of Figs. S and 9 repeals that, as m the 
case of the orthorhombic crj stals of dog and horse HbO., the presence of 
(XH 4 );S 04 did not alter the crystalline character of the monochnic crystals 
of horse HbOs. 

Monochnic Crystals of Horse MHb — Either in the pre-ence or absence of 
(NH<);S04, the typical habit of crystals made from stroma-free solutions 



[Fig 10 Jlonochmc crystals of horse ferrihemoglobin (metfaemoglobin) crystal- 
lized spontaneously from stroma free solutions to uhich K,Fe(CX )5 had been added 
m a concentration of 1 1 moles of ferricyamde to 1 mole of hemoglobin iron 1 and 
B are identical photomicrographic fields « ith the Xicol prisms uncrossed and crossed 
respectively Crystals oriented at the proper oblique angle in respect to the a\e3 
(indicated by crossed arrow s // and 1') to show complete evtinction are designated by 
a and b, which correspond in .-1 and B The linear dimension is based on the deter- 
mined magnification factor 

of horse MHb (conversion to MHb before crystallization by means of 1.1 
moles of Iv 3 Fe(CX )6 per 1 0 mole of hemoglobin iron) y\as monochnic (Fig. 
10 and Experiment 2, Table III) l\hen horse hemoglobm y\as in the 
oxidized form prior to crystallization, in contrast to conversion after crys- 
tallization, no orthorhombic crystals were found m the specimens 
The orientations most frequently obsert ed m the thm plate-like mono- 
clinic forms were the side of prism and symmetrical basal pmacoid (Fig. 
1, B). Measurements upon these sections yielded the data summarized 
in Table III. Periodic measurements upon the same mdixudual crystals, 
respectively in the side of prism and basal pinacoid onentations, dunng 
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progroHsivc slow ovapomtion of the mother liciuor on the microscope slide, 
revealed the tli.stortion produced as a consequence of dehydration (Experi- 
ments 3a to 3d, Table HI). The data of Perutz (23) obtained by x-ray 
analyses of slow!}' drjdng hor.se Mllb in the presence of (NHi);SOi are 
ineludcil for comparison. It apirears that in this connection similar results 
are yielded by the petrographic microscope and .x-ray techniques. 

DI.SCUSSIOX 

In this sUuly of the crystallization under similar conditions of hemoglobin 
in bulk of three species, man, dog, and horse, three distinct crystal systems 
have been revealed: tetragonal, orthorhombic, and monoclinic. Reichert 
and Brown (17) assumed that horse libOj, for example, is dimorphic, 
crystallizing in both the orthorhombic and monoclinic systems. The same 
systems have been found in the present work, but monoclinic forms of 
IlbOj were not observed in the absence of oxalate. Hence, for the present 
the question of such dimorphism must remain unsettled, since the cr 3 'stalli- 
zation in the monoclinic system may be due to an actual combination of 
the hemoglobin with oxalate (29, 30). However, I have demonstrated 
that high concentrations of such .salts as (NHi) 2 S 04 are without effect on 
the crystal class, thereby allowing a direct comparison of the crystalline 
forms in hemoglobins of widely differing solubilities. 

Reichert and Brown (17) further believed that all the crystalline hemo- 
globins are members of an isomorphic or isopolj'morphic series. In support 
of this hj'pothesis a definite relationship appeared to exist in the axial 
angles of the biaxial crystals (orthorhombic and monoclinic forms). The 
uniaxial (tetragonal and hexagonal forms) could not be fitted into this 
scheme. Tetragonal-like cryst.als were obseiwed bj'- Reichert and Brown 
only in the hemoglobins of the fallow deer and the collared peccary, but 
these crystals were so small that interference figures could not be obtained. 
Reichert and Brown (17) therefore concluded that such forms could repre- 
sent mimetic twdns of the orthorhombic system. The hemoglobin of man, 
prepared bj'- the writer, thus provides an exception to Reichert and Browm’s 
rule. Cr 3 ’^stalline human hemoglobin may be unique, but it is definitely 
a true tetragonal form, and hence the value and applicability of the theory 
of isomorphism of hemoglobins max’’ be questioned. 

I am higliB'^ indebted to Dr. A. W. Postel, Department of Geology', Uni- 
versity of Pennsylvania, for checking my'- conclusions with reference to 
the crystallographic character of human hemoglobin, and for his helpful 
advice. Acknowledgment is due also to Dr. D. H. Black of the University 
Hospital for supplying periodically large quantities of human cells, col- 
lected from blood draxvn from normal subjects for the blood bank, and to 
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AfUg H. Lorraine Leidy for technical assistance. The excellent photo- 
micrographs in Figs. 2 to 9 were made by Mr. Basil B. Varian of the De- 
partment of Anatomy. 


sumLART 

The preparation of concentrated stroma-free solutions of hemoglobin 
has been described. From such solutions the hemoglobin of adult man has 
been successfully crystallized in a form suitable for crys^ographic charac- 
terization. The crystalline products have been identified spectrophoto- 

metrically as unaltered oxyhemoglobin. ^ i,- - 

Owing to the great solubility of human hemoglobin, its crystalhzation 
was accomplished in the presence of (NIDiSOi or phosphate buffer.^ In 
each case similar, relatively large crystals were obtained in the ha it o 
perfectly symmetrical bipyramids. The character of the crystals en 
shoivn to be independent also of the method of anticoagulation emp oj m 
the original blood specimens. The crj'stal system was proved to be tetrag- 
onal, which is unique for crystalline hemoglobins.^ CiystaUographic m- 
formation was secured by means of the petrographic microscope an s 
I366D pr 6 S 6 Ilt 6 (l» 

The less soluble hemoglobins of the dog and horse have been crystellized 
both in the absence and presence of (NIL).-S04. Hi^ concentrations of 
the latter salt were found not to affect the crj'stalline character. e 
ciystallization of dog and horse HbOj in the presence of (NIL), i 0 ^ 
for the first time the possibility of comparing the hemoglob^ of the three 
species, man, dog, and horse, when crystallized in bulk un er compara e 
conditions. In these three species three distinct cryst^ syste^ were 
found: tetragonal, orthorhombic, and monoclinic. The validity of B^chert 
and Brown’s hypothesis (17) that all the crystalline hemoglobin belong to 
an isomorphic series has been questioned, largely owing to the very ot 
the tetragonal (uniaxial) h uman hemoglobin. 

From the crystalUzed preparations of man, dog, and horse, _s.^t-free solu- 
tions of unchanged oxyhemoglobin have been prepared by jsis agains 
water. Such solutions after conversion of the pigment to carbonyl hemfr 
globin (HbCO) may be preserved unchanged for several months m tie 
refrigerator, or the pigment may be vacuum-dried in the frozen state. In 
vacuum-sealed containers at refrigerator temperature sue prepara ons 

have remained undenatured for years. _ 

Ouang to the great solubility of crystalhzed human HbO:, it was ® 

to obtain accurate spectrophotometrie data upon unusually concen ra e 
solutions of this pigment. One such solution had a concentration m 
presence of (NH 4 )-SOi of 38.2 nm per liter or 63.8 gm. per 100 ml., approxi- 
mately double the concentration of hemoglobin in the normal eiy ocj 
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of man, and probably the highest concentration of hemoglobin yet studied 
by optical means. 
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A SPECTROPHOTOMETRIC ISIETHOD FOR THE 
DETERIMINATION OF PENICILLIN* 

Bt ROGER M. HERRIOTT 

(From The Rockefeller Institute for iledical Research, Princelon) 

(Received for publication, March 28, 1346) 

A physicochemical method has been developed by which 5 to 75 y (8 to 
120 Oxford units) of penicillin per ml. may be determined within an error of 
±5 per cent. The procedure requires about 20 minutes for one complete 
analyas, but a large number of samples may be analyzed at one time. 
Since crystalline penicillins G, X, K, and F have nearly the same extinction 
per unit weight, a single measurement of any preparation containing these 
penicillins in any proportion determines the total penicillin present. 

Principle 

Crystalline salts of pure penicillins G, X, K, and F, freshly dissolved in 
acetate buffer, pH 4.6, do not absorb in the region of 290 to 360 m;i (see 
Fig. 1 and Table H). After heating in this buffer they absorb strongly in 
this region, with a maximiun at 322 m>t. The impurities in erude prepara- 
tion 3 absorb in this region but the increase on heating is due only to penicillin 
(see Fig. 3). The present method conrists of measurement of the change 
in absorption at 322 m;i produced by heating under controlled conditions 
and comparing this change to that of a similarly treated standard 
preparation. 

The preparations used are listed in Table I. 

Procedure 

Two related procedures have been used; the first one. Procedure A, when 
ample quantities of more concentrated solutions were available; the second. 
Procedure B, when the concentration or quantity was low. 

Procedure A — A 2 ml. aliquot of a penicillin solution containing 20 to 300 
7 per ml., or roughly 35 to 500 Oxford units i)er ml., was added to 6 ml. of 
0.4 M acetate buffer,^ pH 4.6, in a 30 to 50 ml. test-tube. 4 ml. of this solu- 
tion were pipetted into another test-tube. One of the tubes was placed in 
boiling water for 15 minutes, after which it was cooled rapidly to room 
temperature. The absorption density of the heated and unheated aliquots 
was determined at 322 mu in a Beckman D.U. quartz photoelectric spec- 
trophotometer (1). 

• This work was done in consultation with the Committee on Medical Research 
of the Office of Scientific Research and Development. 

' The ratio of molar concentrations of sodium acetate to acetic acid is 1. 
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Procedure B — ^To 4 ml. of a penicillin solution containing 5 to 50 7 per 
ml., or 8 to SO O.xforcl units per ml., was added 0.25 ml. of a 5 11 acetate 
buffer solution, pll 4.G.‘ The linal concentration and pH were close to 
that in Procedure A. The absorption density of this solution was 
determined before heating and then again after heating, as in Procedure A. 

Notes — (a) The micrograms per ml. in the above procedures refer to pure 
penicillin. (5) The iJ', Xa. ^^cd later in this paper is equal to X 
10~‘and is the absorption density per microgram per cm. of depth or 


Table I 
Materials 


Prep^irAtlon 

1 

Uloamy; 

SUphyh<o£cus 

auteus 

units per mg. 

ElemeaLary analyKS,* per cent 

C 

a 

N 

s 

Na 

HiO 

Crystalline sodium penicillin 


53.9-1 

4.77 



6.45 


Gt(CrA-152-C0) 


53.75 

4.87 



6.36 


Crystalline ammonium peni- 

17 50-2000 t 

53.16 

8.13 

11.69 

8.99 


3.5 

cillin Kf (.W-73) 


53.22 

8.09 

11.62 

8.92 



Crystalline sodium penicillin 








x§ 








Crystalline penieillin F|| 

1632 

50.27 

5.73 

8.33 




(175E-^VNW-6) 


50.19 

5.94 

8.56 




Commercial, Penicillin lOOGU 

3GS 







“ " 99911 

1000 



1 





• The upper reading for each preparation is the calculated value; the lower read- 
ing, found. 

t Supplied by Dr. O. Wintersteincr, The Squibb Institute for Medical Research, 
New Brunswick, New Jersey. 

t The Bacillus subtilis-Staphylococcus ratio = 0.3 to 0.4. 

§ Supplied by Dr. Henry Welch, Food and Drug Administration, Washington, 
D. C. 

II Supplied by Dr. G. F. Cartland and Dr. A. N. Wick, The Upjohn Company, 
Kalamazoo, Michigan. 

IT Supplied by E. R. Squibb and Sons, New Brunswick, New Jersey. 

thickness, (c) In Procedure A it was found convenient to analyze the un- 
heated sample while the other aliquot was being heated, (d) During the 
time of heating a small funnel in the mouth of the test-tube served as a 
reflux condenser, (e) Reproducible conditions must be maintained, par- 
ticularly when a standard penicillin is not analyzed simultaneously. A 
constant voliune of boiling water, the level of ■which was kept just above 
the level of the sample in the test-tube, has been satisfactory. Depending 
on the number of samples heated at one time, the source of heat and volume 
of water should be such that introduction of the tubes causes the tempera- 
ture of the water to drop no more than 2-3°. 
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Conversion of Observed Increase in Absorption Density to Penicillin 
Gonceniralion 

There are several related procedures for accomplishing this conversion 
which are worth noting for their usefulness under different circumstances. 
As will be discussed in another section, the change in absorption does not 
increase e.\actly linearly with increasing concentrations of penicillin; i.e. 
the specific extinction. E ‘ ^ , is not constant (see Table III).- Were it 
not for this slight deviation, conversion would he simple. 

The three following procedures may be used. 

Empirical curves, such as are shown in Figs. 2, A and 2, B, have resulted 
from plotting the averages of the values in Table III. It is important to 
have a scale large enough to permit a precise conversion, particularly in the 
region of low concentration (see Fig. 2, B). 

A less precise, but convenient, procedure assumes no deviation from 
linearity; i.e.. Beer’s law is obeyed. The obsen-ed increase in density is 
divided by the Eim = 0.022. All results obtained by this method will be 
correct within ±10 per cent. 

Another procedure, which has certain obvious advantages, particularly 
if the conditions of the procedure have to be altered to any degree, is the 
comparison of the density of the unknown solutions with those of simul- 
taneously analyzed standardsi 


Results 

Different Kinds of Penicillin — ^Table II contains the absorption densities 
at various wave-lengths of 25 y per ml. of crystalline sodium penicillins, 
G, X, K, and F, before heating, as well as after heating. It may be seen 
that the different penicillins show almost identical absorption densities at 
any wave-length between 290 and 400 m;». There is practically no absorp- 
tion over this range before heating, but after heating the absorption is 
very strong, with a ma.ximum at 322 mp. This is shown graphically in 
Fig. 1 where, to eliminate confusion, only the ciu-ves of crj-stalline sodium 
penicillin G have been plotted. 

The results shown in Table II indicate that the spectrophotometric 
analyses are independent, within the limi ts already stated, of the nature or 
proportion of the various penicillins. To determine the e.xtent of any 
possible interaction or influence of one penicillin on another, particularly 
during heating, equal quantities of the four kinds of penicillins were dis- 
solved together and analyzed at different levels of concentration. In 
every instance the spectrophotometric analysis of this mixture agreed 
within 5 per cent of the correct total concentration of penicillin. 

* This inconstancy of | ^ was brought to the writer’s attention by Dr. Frank H. 
Wiley of the Food and Drug .Administration, Washington, D. C. 



728 


DBTBIIMINATION OP PENICILLIN 


EJfed of Penicillin Conccntralion on Absorption Density — ^The analyses 
of various concentrations of crystalline sodium penicillin G are shown in 
Table III and Fig. 2. It may be seen that the E \ increases from about 


Table II 

Ultraviolet Absorption Spectra 

25 y por ml. of cryotnllino aodium pcnicillina G, X, K,* and F, before and after 
heating 15 minutes at 100“ in 0.3 u acetate buffer, pH 1.6. 


Absorption dcoiUIes, los y 


Wave- 

Before heatiog 

. After beatiog 

IcngUi 

Penicillin 

PenicUlIo 


G 

X 

K 

F 

G 

X 

K 

F 

mti 









•100 

0.010 

0.000 

0.003 

0.005 

m 

0.000 


0.002 

375 

0.000 

0.000 

0.000 

0.003 

IB 

0.006 


0.010 

360 

0.000 


0.001 

0.003 

mm 


0.030 

0.033 

350 

0.002- 

0.000 

0.002 

0.002 

0.115 

0.120 

0.120 

0.120 

345 

0.00-1 

0.000 

0.005 

0.001 

0.218 

0.220 

0.223 

0.220 

340 

0.005 

0.000 

0.009 

0.002 

0.3-15 

0.340 

0.343 

0.343 

335 

0.007 

0.002 

0.010 

0.001 

0.445 

0.440 

0.455 

0.450 

330 

0.009 

0.002 

0,012 

0.002 

0.520 

0.505 

0.535 

0.530 

325 

0.010 

0.003 

0.015 

0.004 

0.570 

0.550 

0.595 

0.5S0 

322 

0.010 

0.003 

0.015- 

0.005 

0.5S0 

0.570 

0.610 

0.590 

320 

0.010 

0.002 

0.016 

0.005 

0.5S0 

0.560 

0.610 

0.590 

315 

0.010 

0.002 

0.016 

0.005 

0.545 

0.524 

0.590 


310 

0.008 

0.002 

0.013 

0.000 

0.470 

0.450 

0.525 

0.490 

305 

0.007 

0.000 

0.013 

0.000 

0.375 

0.360 


0.395 

300 

0.005 

0.000 

0.010 

0.000 

0.283 

0.260 

IB 


290 

0.002 

0.004 

0.007 

0.003 

0.135 

0.135 



2S0 

0.000 

0.070 

0.004 

0.005 

0.060 

0.130 



270 

0.000 

0.067 

0.004 

0.007 

0.040 

0.110 



260 

0.010 

0.027 

0.007 

0.003 

0.070 

0.095 



250 

0.015 

0.033 

0.018 

0.010 

0.123 

0.145 



240 

0.030 

0.140 

0.044 

0.044 

0.154 

0.225 


Isii 


• This material was an ammonium salt containing 3.5 per cent moisture. The 
absorption densities have been corrected to an anhydrous material and to a sodium 
salt to make it comparable with the other penicillins. 


0.0200 at 5 y per ml. to 0.0227 at about 25 y per ml., or about 12 per cent 
over this range. 

Precision and Reproducibility — ^An examination of the results in Tables 
III and IV will show how readily reproducible the results are. Occasionally 
a value is obtained which is out of h'ne, for which no adequate explanation 
can be given. This is annoying but not a frequent occurrence. 
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It may be seen from the resxilts in Tables III and IV that individual 
values deviate from the average rarely more than 5 per cent. 

Commercial or Crude Preparaiiona and Interfering Substances — Whereas 
the pmified preparations showed practically no absorption between 290 
and 400 m;x before heating, the crude or commercial preparations absorb 
considerably over this range fsee Fig. 3). However, the increase in absorp- 
tion upon heating is almost directly proportional to the penic illin concen- 
tration (see Table IV and Fig. 3). The shape and location of the curves 
obtained by plotting the increase in absorption against the wave-length 
are very close to, if not identical with, those of pure penic illin . This is 



Fig. 1. Ultraviolet absorption curves of 25 v per ml. of co'stalline sodium penicil- 
lin G, before (O) and after (A) heating 15 minutes at 100® in 0.3 n acetate buffer, 
pH 4.6. 

strong evidence that only penic illin is responable for the change in absorp- 
tion density upon heating. 

Table IV shows the results of two series of spectrophotometric analyses 
of five different commercial preparations carried out on different days. 
Bioassays’ and Scudi colorimetric analyses’ of the samples were included 

’The bioassays were obtained by a slightly modified 0.\ford staphylococcus 
cup method (2) (an unpublished modification from The Squibb Institute for Medical 
Research and the Biological Laboratories of E. R. Squibb and Sons). The figures 
are the average of four to eight single assays with si.v cups per assay. They were 
made by Miss Helen Jones of the Fenicillin Potency Laboratory of E. R. Squibb and 
Sons, New Brunswick, New Jersey. 

‘ The colorimetric values (Scudi, unpublished method) represent the average of 
six to seven analyses of each sample. They were determined in Dr. X. P. Richard- 
son’s Pharmacological Division of The Squibb Institute for Medical Research. 
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for compariaon. It may bo seen that the spectrophotometric analyses are 
in substantial agreement with those obtained by the two other methods. 

Table III 


Change in Absorption Density at 323 mii after Heating Various Concentrations of 
Crystalline Sodium Penicillin G 




Absorption ilcniilicj, log j 



Before 

Alter 

A 

ca. 

7 Ptr ml, 

2.0 

0.000 

0.053 

0.053 

0.0212 

2.5 

0.000 

0.050 

0.050 

0.0200 

2.5 

0.004 

0.05-1 

0.050 

0.0200 

2.5 

0.002 

0.050 

0.0-18 


5.0 

0.000 

0.105 

0.105 


5.0 

0.005 

0.102 

0.097 


5.0 

0.005 

0.098 

0.103 


5.0 

0.000 

0.100 

0.100 

0.0200 

7.5 

0.000 

0.143 

0.143 

0.0191 

7.5 

0.005 

0.157 

0.152 


10.0 

0.000 

0.210 



10.0 


0.215 



12.5 


0.267 

0.265 

0.0212 

12.5 


0.270 

0.267 


15.0 

0.003 

0.3-12 

0.339 

0.0226 

15.0 

0.004 

0.332 

0.328 

0.0218 

20.0 

0,000 

0.445 

0.445 

0.0223 

20.0 

0.004 

0.449 

0.445 

0.0223 

25.0 

0.008 

0.572 

0.564 

0.0226 

25.0 

0.013 

0.605 

0.592 

0.0236 

30.0 

0.013 

0.695 

0.682 

0.0227 

30.0 

0.018 

0.700 

0.682 

0.0227 

35.0 

0.015 

0.807 

0.792 

0.0226 

35.0 

0.016 

0.825 

0.809 

0.0231 

40.0 


0.925 

0.905 

0.0226 

40.0 


0.938 

0.913 

0.0228 

50.0 


1.13 

1.10 


50.0 

0.035 

1.16 

1.125 

0.0225 

75.0 


1.70 

1.66 

0.0221 

75.0 

0.048 

1.78 

1.74 

0.0232 


Thus far no impurity has been found whose absorption at 322 is 
changed on heating under the conditions of the method. Crystalline or 
commercial impure penicillins inactivated by O.I n HCI or 0.1 n NaOH do 
not show any- increase in absorption when subsequently heated and analyzed 
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by the present method (see Fig. 3). Thus peniclllm inactivated, but carried 
along during purification, will not interfere with the determination. 



Fla. 2. Effect of increasing concentrations of crystalline sodium penicillin G on 
the change in absorption density at 322 m^ brought about by heating under standard 
conditions. 


A great many substances either absorb or scatter light of 322 mp and 
when present in sufficient concentration prevent a precise estimation of the 
pemciUin. Blood, urine, and certain microbiological suspensions contain 
such interfering substances in high concentrations. It has not been 
possible as yet to separate quantitatively the penic illin from these sub- 
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stances and thus render the spectrophotometric method applicable to 
such systems. 

Extinction — If it is assumed that tiie above method produces a complete 
conversion of penicillin into the absorbing material, then the extinction, 
! cm. f substance is about 227 (see Table III). The molecular 

e.vtinction, assuming no change in molecular weight, would be about 8000. 

Since the molecular weights (3) of the various penicillins as well as their 
extinctions (sec Table II) do not differ by more than 10 per cent, the naolec- 
ular extinctions of all these heated penicillins will be nearly the same. 



Fig. 3; The ultraviolet absorption curves of 75 y per ml. of a crude penicillin 
preparation (No. 1006, about 18 per cent penicillin). • before heating; <> after 
beating; O increase caused by heating; treated 30 minutes with 0.1 n alkali {□) or 
0.1 N HCl (A), then neutralized, and heated in acetate, pH 4.6. 

Variables of Method and Their Effect on Absorption Density — ^Figs. 4, 
5, and 6 bring out the effect of most of the variables of the method on the 
absorption density of different penicillin preparations. Preparation 1006 
was dark red and assayed only 18 per cent penicillin. Preparation 999 
was light yellow and was about 60 per cent penicillin, while the crystalline 
sodium penicillin G was considered 100 per cent. 

Other experiments indicate that unheated solutions of penicillin in 0.3 
M acetate buffer, pH 4.6, change their absorption densities at the rate of 
3 to 4 per cent of the heated absorption value per hour at 26°. Thus, for 
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Table IV 

Analysis of Commercial Penicillin Preparalions 


Prtpintion Ko. 

Per ceat 

{XU* 

Dilutloa 
in water* 

iMiai 

Oxford aaiti per ori^iaal 

Un- 

heated 

Heated 

A 

Spectra- 

photczaetrict 

Bioaaaay, 

staphy- 

Iccx^ 

cap 

method 

Scadi 

colori- 

metric 

method 


Saraple 

Sample 

B 

1585 

44 




0.41 

119,000 


128,000' 

114,000 




iWiCT 

0.275 


120,000 



1612 

51 


iWffi !W!B! 

0.23 

20,000 


31,SOOf 

15,000 




Siu^ !j|fl 

0.345 


20,000 


16,000 

1614 

78 


iBct Bfl 

0.39 

68,000 


60,300 

57,000 




0.038, 

0.28 

0.242 


70,000 



1618 

43 



0.295 

34,000 


40,000t 

29,000 





0.236 


34,000 


31,000 

1621 

57 

1:60 

!W!S BBj 

0.405 

7,000 


6,560 

5,045 



1:100 

0.010 


0.25 


7,250 



Crystalline 





0.343 





sodium 










G 


9.7 mg. in 



0.173 
















* This dilution does not include the 1:4 dilution in acetate buffer of Procedure A. 
t The acetate buffer used in these particular analyses was pH 4ff. 
t Since this work was completed, it has been found that these two preparations 
were more unstable than usual and that a number of days elapsed between perfonn- 
ance of the bioassay and the spectrophotometric analysis. 
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Fig. 5. Effect of concentration of acetate buffer on the absorption density ol 
penicillin preparations at 322 nip after heating 15 minutes at 100°. 



Fig. 6. Effect of pH on the change in absorption densities at 322 mp produced by 
heating penicillin preparations 15 minutes at 100°. 


at least a half hour the change is negligible. Once the samples have been 
heated and cooled, there is no further change for several hours. 
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Attempts to increase the absorption density by using solvents other than 
sodium acetate-acetic acid buffer of pH 4.6 were without success. The 
materials tested at pH 4.6 were formate, chloroacetate, glycine, propionate, 
lactate, citrate, butyrate, borate, phosphate, sodium octyl suhate, as well 
as magnesium, barium, mercuric, and potassium acetates. Substances 
such as sodium chloride, magnesium sulfate, ethyl alcohol, methyl ceUo- 
solve, acetic anhydride, and others were added to 0.3 m acetate, pH 4.6, 
but were likewise depressing in action. Propionic acid-sodium propionate 
buffer at pH 4.6 was just as effective as acetate buffer but no more so. 

Heating for various periods of time at 80°, or allowing the samples to 
stand for long periods at room temperature, failed to raise the absorption 
value above that obtained by heating 15 minutes at 100°. 

AppaToius — ^While any sensitive ultraviolet spectrophotometer will 
presumably be adequate, the Beckman (1) instrument is admirably suited 
for this measurement. It requires only 4 ml. of solution and has proved 
very reliable. The instrument was standardized against the strong hydro- 
gen line at 656 a;t, as recommended by the manufacturer, and in addition 
against 0.02 per cent benzene solution in isooctane. The three highest 
absorption maxima were obtained at 261, 245.5, and 249 mM, which are 
within 1 or 2 m;i of the positions given in the International Critical Tables. 

niscussiON 

A discussion of the relative merits of the present method may not be out 
of place at this point. They are speed and simplicity, reliability and re- 
producibility, the wide range of concentrations included by a single test, 
the small voliune and concentration of material required, the freedom from 
interference by normal impurities in commercial preparations, and indepen- 
dence of the nature or proportions of the various penicillins. 

The biggest objection to the method is the cost of the instrument for 
measurement of the absorption density. A photoelectric colorimeter 
with quartz cells and a steady light source confined to 315 to 330 mp could 
be used in place of the spectrophotometer. 

The spectrophotometric method gives a precise value of the total peni- 
cillin content of any preparation. This may or may not be quantitatively 
related to its antibiotic activity. However, since the antibiotic activity 
varies with the test organism (4) and among the different penicillins (4, 5), 
there is no particular advantage in having the penicillin [content expressed 
in Oxford imits rather than in mg. of pure penicillin. Differential bio- 
assays on a variety of organisms yield useful qualitative mformation only 
when the mixture of penicillins is unusual, such as when there is a high 
proportion of K, X, or F penicillin. Specific and quantitative tests for 
each different penicillin would be preferable to any test now available. 



73G 


DETEUMINATION OF PENICILLIN 


aUMMAHY 

A method ia described by wliich 5 to 75 7 ==> about 8 to 120 Oxford units 
per ml., of any of the four known penicillins, pure or crude, may be de- 
termined m 20 minutes with an error not greater than ±5 per cent. 

The writer is glad to acknowledge the receipt of advice and generous 
quantities of crystalline, as well as crude preparations, from the individuals 
and organizations indicated in Table I. 
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FERRITIN 


rX. INCREASE OF THE PROTEIN APOFERRITIN IN THE GASTROINTESTI- 
NAL MUCOSA AS A DIRECT RESPONSE TO IRON FEEDING. THE FUNC- 
TION OF FERRITIN IN THE REGULATION OF IRON ABSORPTION 

Bt S. GRANICK 

(F TOm the Laboraiories of The RockefeUer InslituU for Medical Raearch, 

New York) 

(Received for publication, May 1, 1916) 

The function of ferritin in the storage of iron, especially in the organs 
of the liver, spleen, and bone marrow, has been previously described 
(1, 2). In this paper, the rble of ferritin in the regulation of the absorption 
of iron by the intestinal mucosa is considered. 

From recent work of McCance and Widdowson (3) and of Greenberg, 
Copp, and Cuthbertson (4) it has become clear that iron is handled by the 
body in a manner differing from that of elements like sodium or potassium. 
These are absorbed freely and excess is excreted. Iron, however, once 
absorbed or parenterally administered, is found to be very largely retained 
by the body. It becomes obvious that if excess iron is not to be excreted 
a mechanism for the control of iron absorption must be present. 

That this mechanism for the regulation of iron absorption is localized 
m the gastrointestinal mucosa was shown by the work of Hahn, Bale, 
Ross, Balfour, and Whipple (5). Chronically anemic dogs were foimd to 
absorb iron at a rate 5 to 15 times the normal, indicating that, in the 
normal dog, some resistance or block to iron absorption was present. A 
sudden severe bleeding of a normal dog did not bring about an immediate 
response of increased iron absorption; increase began only after several 
days, suggesting that the resistance to iron absorption was indirectly re- 
lated to the iron reserves of the body. Greater or lesser degrees of re- 
sistance to iron absorption were noted. For example, after administration 
of iron, the degree of resistance to further iron absorption could be shown to 
increase rapidly for several hours. This resistance, or “mucosal block,” 
did not disappear immediately but remained for several days and then 
gradually declined. These investigators accordin^y suggested that the 
mucosal block might be represented by a temporary storage of iron in the 
mucosal cells, possibly in the form of ferritin. Only when this storage iron 
of the mucosa had been depleted below a certain level would more iron be 
absorbed. 

The properties of ferritin (a protein of molecular weight 465,(X)0 to which 
13 attached a specific type of iron hydroxide micelle) would appear to be 
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well suited to pliiy such a r61c. In order to obtain evidence that fenitin 
is one of the important factors in the regulation of iron absorption, it is 
necessary to demonstrate, in the first place, that ferritin is present in the 
mucosa; secondly, that feeding of iron will result in a rapid increase in the 
ferritin content of the mucosa, parallel to the rapid development of the 
mucosal block; and, lastly, that the ferritin in the mucosa remains for 
several days and only slowlj' disappears in a manner parallel to the slower 
disap))carancc of the "mucosal block.” 

^^dhod3 

i\Iale albino guinea pigs, raised at the Institute and fed on a diet of 
cabbage, hay, and oats, were used. They were generally selected at a 
stage of rapid growth, f.c. atoOO to 700 gm. body weightwhen thereappeared 
to be a rclativclj' great demand for iron, so that iron absorption might be 
presumed to be not greatly impeded by e-xccss storage iron. The animals 
were sacrificed by a sharp blow on the head. The tissues examined were 
the cardiac stomach, which makes up most of the stomach in the guinea 
pig, and the pyloric stomach, which is a sm:dl smoother area around the 
pyloric sphincter; in addition, the small intestine (approximately 100 cm. 
long) was divided arbitrarily into three equal lengths, and, in succession, 
the cecum, a region about 8 cm. long and 3 cm. wide, the large intestine, 
some GO cm. long, consisting of a portion 1 cm. wide, and, lastly, a narrow 
portion about 0.5 cm. wde. 

The method employed to determine ferritin in the gastrointestinal tract 
is only semiquantitative but has the advantage that as little as 2 to 5 cm. 
lengths of the tract can be used for a ferritin determination. The procedure 
used was to cut the tract lengthwise, wash away the Intestinal contents 
with isotonic saline, dry the tissue superficially, and scrape off approxi- 
mately 0.2 gm. portions (fresh weight) of the mucosa onto glass slides. 
Microscopic examination has showm that the mucosa is readily separated 
from the submucosa by gentle scraping. Tliis portion was then stirred Mth 
3 to 4 drops of 10 per cent aqueous CdS 04 , a cover-slip was placed over it, 
and the moisture was permitted to evaporate slowdy overnight in a chamber 
containing some filter paper saturated with water. Complete evaporation 
was avoided. Crystals of ferritin appeared, the concentration being esti- 
mated by counting the crystals under a high dry or oil immersion lens. 
Longer periods for crystallization did not change the count significantly. 
When ferritin was present in high concentration, the crystals were found 
to be numerous and also relatively larger than in other circumstances. 
On the other hand, traces of ferritin were often detected only by tedious 
search under an oil immersion lens for tiny ferritin crystals. For example, 
the first evidence of the presence of ferritin in the intestinal mucosa was 
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obtained by finding on a slide four ferritin crystals of tbe size of red blood 
cells. Tbe crystals are extremely insoluble when once formed. They 
have a tendency to develop on the under side of the cover-slip, thus greatly 
facilitating observation. They are readily recognized by their brownish 
color, high refractive index, and sharp crystalline octahedral edges. No 
colorless crystals were observed. To avoid giving the impression of a 
quantitative procedure, the content of ferritin given in Tables I and II 
is designated by numerals from 0 to 5. With the aid of an assistant, 
the dissecting, washing, and sampling of the gastrointestinal tract were 
accomplished in 30 to 45 minutes. 

In the feeding of iron, ferrous ammonium sulfate dissolved in molasses 
syrup in a concentration of 10 mg. of Fe per ee. was administered by pi- 
pette. In order to determine the histolo^cal distribution of iron in the 
mucosa, scrapings of. the mucosa were treated with a few drops of isotonic 
saline freshly treated with hydrogen sulfide (6), and a cover-slip was 
placed on the sample, which was then examined directly. 

ESPEHIMnNTAli 

In a nor mal guinea pig of around 600 gm. weight (Table I), the ferritin 
of the intestinal mucosa was barely detectable in a region about 5 cm. 
long starting just below the pyloric sphincter (f.e., the duodenal re^on), 
where it was higher than anywhere else along the tract. Ferritin was only 
occasionally detected in other portions of the small intestine. However, 
in comparison with the ferritin concentration of other tissues of the guinea 
pig, the duodenal mucosa contained more ferritin per vmit weight than did 
the spleen, kidney, marrow, and pancreas, but less than did the liver. 

The response to the feeding of ferrous ammonium sulfate in molasses 
was well marked 4 to 5 hours after the feeding, the ferritin having in- 
creased in concentration especially in the mucosa of the duodenal region 
and also in the jejunal region. Some 7 hours after iron was fed the femtin 
content had attained a ma-yimnl value and was present in the mucosa all 
along the small intestine. It is probable that the response of increased 
ferritin to iron feeding was more rapid than is indicated by these figures, 
since the high sugar content of the administered ferrous solution appre- 
ciably slowed down the emptying time of the stomach. At the end of 7 
hoxus, iron was still present in the stomach, a strong positive test for 
ferrous iron, and a very strong positive test for ferric iron being observed 
with the a,a'-dipyridyl reagent. 

The feeding of ferrous iron for several days in succession did not change 
the picture of ferritin distribution which was observed 7 hours after a 
single iron feeding. When iron was fed so as to induce maximal ferritin 
formation and the iron feedings were then stopped, ferritin was observed 



Table I 

Ferritin Content of Gasirointeatinal Mucosa of Guinea Pig 

The figures signify the following number of crystals per slide: 5 = 600 to 1000, 4 «= 100 to 600, 3 ■=■ 50 to 100, 2 •=■ 10 to 50, 1 
1 to 10. 
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* Guinea I'ig 0, utomaoli (luito diiilomlud; iittlo iron iiau ioft tlie iilomaoh. Guinea Pig 7, iitomaoh ioiiii diiilundod; iiomo iron has 
ietl the Iitomaoh: llie mirfaoe of duodenum etaiiiing hiaolc with II:S. Guinea Pig 0, iilomaoli iitili oontainii imflioient forrouii iron 
to give a strong dinyridyi tciitj strong iron roaolion oupeolally in lower portion of small intestine. Tlio ferritin eontout of Gninoa 
Pig 10 is kidney 0, panoroas 0; Guinea Pigs 12 and 13, kidney 0; Guinea Pig 13, kidney 0, marrow 0; Guinea Pig M, kidney 1, bono 
marrow 0, testes 0, panoroas 0. 
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to have dimiuiahecl appreciably by the 3rcl clay after the last feeding, 
but only by about the 0th day after the last feeding did the ferritin content 
of the mucosa diminish to approximately the level of the normal control 
animals. 

With successive iron feedings (Table I, Guinea Pigs 19, 20), an ac- 
cumulation of iron became evident histologically when the mucosal scrap- 
ings were treated with a saline solution containing hydrogen sulfide. The 
typical picture of iron staining obscrv'cd was similar to that early de- 
scribed by Macallum (7). 

In the normal unstained lamina propria of the duodenum, some large 
fixed tissue histiocytes were obseia'cd in the tip of the core of the villus. 
These cells often contained yellow or greenish yellow granules and vacuoles. 
'Wlien stained with hydrogen sulfide, these cells of the normal mucosa 
occasionally appeared somewhat darkened but only in the duodenal regon, 
not below. On feeding iron for 5 to 7 days, the granules and vacuoles of 
these histiocytes were stained a dark gray to black with hydrogen sulfide, 
and tiny black granules were sometimes observed within the colunmar 
epithelial cells. Not infrequently, some of these histiocytes were seen 
lying between the columnar cells as if preparatory to being extruded into 
the gut. Below the duodenal region, the reaction for iron became less 
pronounced and was rarely seen in the lower portion of the small intestine 
or in the large intestine. No correlation was observed between the feeding 
of iron and the histologically stainable iron of the liver and spleen. 

In considering the place of origin of mucosal ferritin, two types of cells 
appear as possibilities; t.c., the fixed tissue histiocytes and the columnar 
epithelial cells. Since large variations in the stainable iron of the histio- 
cytes have been observed without corresponding changes in the ferritin 
content of the mucosa, it is suggested that it is the columnar epithelial 
cells of the mucosa which may be the site of formation of the ferritin. 
The fixed tissue histiocytes, on the other hand, would seem to function 
primarily as a protective mechanism by taking up excessive amounts of 
iron into their vacuoles. Continued high iron feedings appear to lead to 
the extrusion of these heavily iron-laden cells into the intestinal ca\dty. 

To explain the increase of ferritin in the mucosa on feeding iron, it is 
necessary to consider what mechanism could be supposed to bring about 
an increase in the protein apoferritin. One suggestion that seems reason- 
able is that apoferritin (like some adaptive enzymes) is constantly being 
produced and broken down in the mucosal cells so that, at any one time, 
very little apoferritin is present. If apoferritin, when formed, was pro- 
tected by the adhering iron hydroxide micelles (in a manner analogous to 
the protection afforded an enzyme in the presence of its substrate), it 
might tend to accumulate as ferritin. In this manner, ferritin might 
appear to increase in response to iron feeding. 
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In order to determine whether the increase in ferritin in the mucosa, on 
feeding of iron, could be related to differences in the rate of autolytic di- 
gestion of apoferritin and ferritin, the following experiments were carried 
out. Crude beef liver homogenate was selected as a source of proteolytic 
enzj-mes, since no ferritin can be isolated from this tissue with the cus- 
tomary procedure and no correction blank need therefore be made. The 
liver was homogenized with an equal weight of isotonic saline. To 150 cc. 
of this homogenate were added, with stirring, 4 cc. of horse ferritin (or 

Table II 


Incubalion of Horse Apoferritin and Ferritin vrith Beef hirer Homogenate 


Expeii- 

inent 


[ Ttne of 

1 tacub^tioa , 
at-40* ! 

Picked, 
twice crystal- 
lized ferritlo 
or apoferritin 



£rx. , 

££. 


4 cc. ferritin 


0.13 


4 “ apoferritin 


0.13 

A 

Liver brei control 

0 

0.00 


“ “ -P 4 cc. ferritin 

0 

0.100 


“ '* -i- 4 “ apoferritin 

0 

0.110 

B 

“ “ control 

4 

i 0.00 


“ “ “ incubated 4 hra.; 4 cc. ferritin 

added prior to isolation 

0 

O.OSO 


Liver brei -i- 4 cc. ferritin 

4 

0.100 


“ “ +4“ apoferritin 

4 

0.000 

C 

“ “ control 

S 

0.00 


“ “ “ incubated 8 hra.; 4 cc. ferritin 

added prior to isolation 

0 

0.013 


Liver brei + 4 cc. apoferritin 

8 

0.015 


“ “ -f 4 “ ferritin 

8 

0.020 

D 

“ “ buffered with PO, 


i 


Liver brei control incubated 20 hra.; 4 cc. fer- 

0 

0.055 


ritin added prior to isolation 

Liver brei control incubated 20 hrs.; 4 cc. apo- 

0 

0.061 


ferritin added prior to isolation 

Liver brei -p 4 cc. apoferritin 

20 

0.055 


** -j- 4 *< »* 

20 

0.070 


apoferritin) solution and 2 cc. of toluene, and the mixture was incubated 
for various lengths of time at 40°. A control vessel was also run in which 
homogenate was incubated for a given interval and then ferritin or apo- 
ferritin added just prior to isolation. For the isolation, 100 cc. of water 
were added to the vessel, which was heated rapidly to 80°, and the solution 
was filtered, treated with 35 gm. of ammonium sulfate for each ICO cc. of 
filtrate, and left in the ice box ovemi^t. The precipitate was then 
dialyzed against water for a day and crystallized in 10 per cent CkiSO<. 
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The ferritin (or apoferritin) waa rccrystallized as previously described (8) 
and, finally, the crystals were centrifuged down in graduated tubes under 
standardized conditions. The recoveries are expressed in terms of the 
volume of the crystals obtained after two crystallizations. In Experiments 
A, B, and C, no attempt was made to control the pH of the autolysate, 
which decreased with lime. In E.vperinienfc D, 20 cc. of M NojHPOi were 
added at the start to the homogenate, thus bringing the pH from 6.3 up to 
7.3. At the end of 20 hours incubation, the pH rvas 5,1. 

The recovery of about 75 to 80 per cent of the ferritin, as trvice crystal- 
lized material, from a frcslily prepared Iromogenate containing 40 mg. of 
ferritin and 75 gm. wet weight of liver (Table If, Experiment A) illustrates 
the adequacy of the isolation procedure and the insolubility of the crystals. 
Incubation at 40“ witli liver homogenate for a period of more than 4 hours 
led to somewhat lower recoveries. These low recoveries were due pri- 
marily to difhcultics arising from the separation of ferritin (or apoferritin) 
from tlic products of the liver autolysate, as shown by corresponding control 
experiments. 

Under the conditions of these experiments, there arose an anaerobic, 
actively reducing medium, and a pH tending toward 5, which greatly 
favored catheptic activity and the breakdown of proteins. However, 
there was no difference in the rate of disappearance of the protein apo- 
ferritin as compared to ferritin, and no appreciable autolysis of either of 
these substances can be considered to have occurred. 

In another experiment, in which an active trypsin preparation was 
incubated for 2 days at 38° in phosphate buffer at pH 7.5, little or no 
digestion of native apoferritin was observed. Heat-denatured samples 
of ferritin and apoferritin materials, however, were found to be digested 
to the e.xtent of over 90 per cent (non-precipitable by trichloroacetic acid). 

From these e.\'periments it is suggested that there may be other me- 
chanisms than the ordinarily considered proteolytic enzymes which may 
be responsible for the digestion of apoferritin in the living mucosal cells. 

DISCUSSION 

The e.xperimental data presented here, when considered together with 
the data of Hahn ei al. (5), suggest that the regulatory mechanism con- 
trolling iron absorption is a function of the ferritin content of the mucosa. 
There is good evidence that iron is absorbed in the ferrous form. When 
iron is fed, the excess iron absorbed is converted to the ferric state and is 
temporarily stored in the form of ferritin in the mucosa. 

In order to e-xplain the regulatory function of ferritin, the folimving 
hypothesis, modified in part from that of Hahn e( al. (5), is suggested 
(see the accompanying diagram). When the cell is “physiologically 
saturated" with respect to ferrous iron, no further iron is assumed 
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to be absorbed from the tract. An equilibrium relationship is pos- 
tulated between the ferric iron of ferritin and the ferrous iron in the 
mucosal cells. After an iron feeding, ferrous iron enters the mucosal cells, 
much of it being temporarily stored in the form of ferritin. A point is 
reached eventually at which the cells would be “physiolo^cally saturated” 
with respect to ferrous iron and then no further iron would be absorbed. 
Kxperiments indicate that it requires several hours to attain this saturation 
state, and, during this time, a resistance or mucosal block to further iron 
absorption develops. Parallel to this increase in resistance is the rapid 
increase in the content of ferritin. Then the iron, perhaps in the ferrous 
form, diffuses out into the blood stream, where it is immediately autoxidized 
to the ferric state and transported away, attached to some specific com- 
ponent of the (0 + y) globulin fraction (9). The difiusion of iron out 
of the cell would involve the reduction of some ferric iron of ferritin whereby 
the saturation state of ferrous iron would be maintained. Only when 
the ferritin iron had decreased to a point where the mucosal cells were no 
longer physiolo^cally saturated with ferrous iron would more iron be 
absorbed from the gut. Experiment shows that only about 3 to 6 days 
after an iron feeding does the ferritin in the mucosa drop back almost to 
normal. This slower rate of disappearance of ferritin also parallels the 
slower rate of disappearance of the mucosal block. 

What the “physiological saturation” level with respect to ferrous iron 
is, how the storage iron of the body or the serum iron level influences the 
rate of absorption, how the iron moves only in one direction through the 
epithelial wall are problems that await further study. 

The processes outlined above are represented in the accompanying 
diagram. 

Gaatrointeatinal tract Mucosal cell Blood stream 

Fe'*^ > Fe'*^ , - Serum globulin Fe^^ 


Ferritin (Fe'*^) 

As has been previously remarked, the absorption of iron leads to a marked 
increase in the ferritin of the mucosa. For example, the normal duodenal 
mucosa of the guinea pig may show from one to ten tiny crystals per slide, 
the crystals being visible only with the aid of an oil immersion objective. 
Some 7 hours after feeding iron, the duodenal mucosa will show’ 200 to 500 
crystals per slide, readily couilted under a high, dry objective. Since 
ferritin consists of the protein apoferritin to which are attached iron 
hydroxide micelles, it might be considered that the feeding of iron merely 
resulted in the attachment of the iron micelles to the apofemtin already 
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present witliin the mucosal cells. This, however, is not the case. Apo- 
ferritin ha.s been shown to crystallize as readily as ferritin (10), the crystal- 
lization with CdSOi being a function of the protein itself. In all of the 
present experiments, when ferritin could not be detected, apoferritm 
could not bo observed cither. One is thus forced to the conclusion that 
the feeding of iron lends to an increase in the concentration of the specific 
protein apoferritin within the mucosal cells of the gastrointestinal tract. 
The apoferritin then serves as a repository for the iron hydroxide micelles. 

SU.MMAnY 

A semiquantitativc method has been developed which permits a relative 
estimation to be made of the ferritin content of 2 to 5 cm. segments along 
the gastrointestinal tract of the guinea pig. 

Ferritin is just detectable in the duodenal mucosa but rarely elsewhere 
along the tract. \Vlien ferrous iron is fed, the ferritin increases markedly, 
especially in the duodenal and jejunal regions, an appreciable increase 
being noted "ndthin 4 to 5 hours, and a maximal response within 7 hours 
after feeding. jVftcr a period of some 3 to 6 days, the ferritin has returned 
to the level of the controls. These data, when considered together with 
radioactive iron absorption studies, suggest that ferritin in the mucosa 
is concerned wth the regulation of iron absorption and represents the 
primary factor for the mucosal block. The feeding of iron leads to the 
increase in the concentration of the specific protein apoferritin, which 
appears in the form of ferritin. 

Incubation with beef liver macerate did not appear to cause the autolysis 
of either ferritin or apoferritin, suggesting that catheptic enzymes may 
not be the agents which function in the disappearance of these proteins. 

We wish to acknowdedge our gratitude to Dr. L. Michaelis for his advice 
and interest in these studies. 
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PHOSPHORUS COI^rPOUNDS IN ANlJvLUL TISSUES 


ra. A COMPARISON OF METHODS FOR THE ESTDEVTION OF NUCLEIC 

ACIDS 

By WALTER C. SCHNEIDER* 

{From the ilcArdle Memorial Laboratory, Medical School, University of Wisconsin, 

Madison) 

(Received for publication, Jlay 14, 1946) 

Recently two methods for the estimation of nucleic acids in animal 
tissues appeared almost simultaneously (3, 4). Although the techniques 
emploj'ed in these independently conducted experiments differed con- 
siderably, the results agreed remarkably well. Some discrepancies in 
the results obtained by the two methods were, however, evident. For 
this reason and because of the increasing interest in the role of nucleic 
acids in cellular physiologjq it seemed of interest to compare the results 
obtained by the two methods on the same sample of tissue. 

The present report describes the results of the analysis of six rat tissues 
for nucleic acids by the two methods and also describes an improved 
method for nucleic acid analysis which incorporates the principles of both 
methods. 


Methods and McUerials 

Preparalion of Tissues — ^.Adult rats of the Sprague-Dawley strain were 
used for analysis. The animals were killed by decapitation and the tissues 
were removed immediately and chilled on cracked ice. Portions of the 
tissue were weighed and homogenized in distilled water at 0^ in the appa- 
ratus of Potter and Elvehjem (2).'^ 

Removal of Acid-Soluble Phosphorus Compounds and Phospholipides — 
Equal aliquots of the tissue homogenates were pipetted into each of two 
15 ml. centrifuge tubes and acid-soluble compounds were removed as 
described previously (4). Phospholipides were then removeil from the 
tissue residues bj' the method reported previously (4) with the exception 
that the e.xtractions with boiling alcohol-ether were omitted, since it was 
found that these extractions did not appreciably increase the vdeld of 
phosphorus extracted. 

Nucleic Acid Removal, Method of Schneider (.f)— The residue contained 
in one of the tubes after removal of acid-soluble and fat-soluble compounds 

* Fellow of the Jane Coffin Childs Memorial Fund for Medical Research. This 
investigation has been aided by a grant from the Jane Coffin Childs Memorial Fund 
for Medical Research. 

^ Norv obtainable from the Central Scientific Company. 
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was heated with 5 per cent trichloroacetic acid to e.xtract the nucleic 
acids (see (4)). This e.xtract will be referred to as Fraction I. The protein 
residue which remained after heating with trichloroacetic acid was dissolved 
in 2 per cent NaOH to form Fraction II (see (4)). 

* Nucleic Acid Removal, Modification of Method of Schmidt and Thann- 
hauscr (S) — ^The method of Schmidt and Thannhauser was modified 
slightly to include heating with trichloroacetic acid to obtain the deso.xy- 
ribose nucleic acid (DNA) in solution so that it might be determined 
colorimetrically. The procedure was as follows: The tissue residue which 
remained in the second centrifuge tube, after removal of acid- and alcohol- 
soluble materials, was treated for 20 hours at 37° wth 1 N KOH (see (3)). 
Tills treatment resulted in solution of the tissue (Fraction III). DNA 
and protein were precipitated with acid as described (3) and the filtrate 
containing the pentose nucleic acid (PNA) and protein phosphorus was 
removed and termed Fraction IV. The precipitate containing the DNA 
was heated with trichloroacetic acid (see (4)) to dissolve the DNA. The 
trichloroacetic acid extract was designated Fraction V. 

Analyses — ^Total phosphorus was determined by the method of LePage 
and Umbreit (1). DNA was measured by the reaction with diphenyl- 
amine (4) in Fractions I and V. PNA was measured in Fractions I and IV 
by the orcinol reaction (4). Nucleic acids served as standards for both 
reactions (see (4)). Inorganic phosphorus was precipitated from Fraction 
IV as the calcium salt and determined colorimetrically (1). 

Results 

The analytical results are reported in Table I. In confirmation and 
extension of the previous results (4, 5), it was foimd that all of the phos- 
phorus present in the extracts of tissues heated with trichloroacetic acid 
could be accounted for by nucleic acids as measured by pentose determina- 
tions (see Table I, compare Fraction I-A plus I-B with I-C). 

The DNA values found by the method of Schmidt and Thannhauser 
(see Fraction IV-D, Table I) w'ere higher than the results reported earlier 
by these authors (3). The most striking case was that of spleen in "which 
the DNA content was foimd to be almost 3 times as high as they had 
reported. A possible explanation of the higher results we obtained may 
lie in the fact that our analyses include four animals, while the results of 
Schmidt and Thannhauser apparently were based on single analyses. With 
the exception of liver and brain, the DNA found by the method of Schmidt 
fin4 Thannhauser (phosphorus analysis) agreed remarkably well with the 
DNA found by desoxyribose analyses (compare Fractions fV-D and V-A). 
The DNA found by desoxyribose determinations in the modified method 
is in excellent agreement with the DNA found by the method of Schneider 
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(compiire Fructions V-A and I-A), indicating that the DNA has been 
elTcctivcly separated in the modified method. 

The PNA values found by the method of Schmidt and Thannhauser 
were somewhat lower than the results reported by these authors (see 
Fraction IV-B, Table I, and (3)). The PNA found by pentose determina- 
tions was in fair agreement with the PNA calculated as described by 
Schmidt and Thannhauser (compare Fractions IV-C and IV-B) and in 
good agreement with the PNA found in the trichloroacetic acid extraction 
method (compare Fractions IV-C and I-B). 

DISCUSSION 

The observation that the amounts of nucleic acids found by pentose 
detenninations in the modified method of Schmidt and Thannhauser and 
in the method of Schneider are the same indicates that DNA and PNA have 
been effectively separated in the former method. This finding indicates 
that the choice of the method to be used in the measurement of nucleic 
acids ^vill depend upon whether a separation of the nucleic acids is necessary. 
If a separation of DNA and PNA is required, as would probably be the 
case in work with isotopes, the method of Schmidt and Thannhauser as 
modified in this paper is the method of choice. On the other hand, if 
such a separation is unnecessary, the trichloroacetic acid method can be 
expected to afford a simple, rapid, and accurate means of extraction and 
estimation of nucleic acids. In connection with the choice of methods, 
it should be recalled that in the trichloroacetic acid method of Schneider 
(4) a correction must be applied for the reaction of DNA in the orcinol 
reaction. Such a correction is unnecessary in the modified method, since 
the nucleic acids have been effectively separated. 

The use of pentose determinations for the measurement of nucleic acids 
has been criticized on the ground that not all of the pentose in the nucleic 
acids reacts in the colorimetric methods (3). Our o\vn results (Table 
I, and (4, 5)), in which nucleic acids were used as standards in the 
coloiimetric reactions, show that the use of pentose is a valid procedure 
for the determination of nucleic acids, since in all of the tissues studied 
the nucleic acid found by pentose determinations agreed well with the 
nucleic acids as measured by phosphorus determinations. Obviously, it 
is a sound practice not to rely upon either pentose or phosphorus analyses 
alone but to employ both. A still better procedure would be to determine 
the phosphoius, the pentose, and the purine and pyrimidine bases simul- 
taneously in order to arrive at a correct estimate of the nucleic acid content 
of the tissue. The nitrogenous bases could probably be measured by the 
use of ultraviolet spectrophotometry. 
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SUMSIARY 

1. The method of Schmidt and Thannhauser for the determination of 
nucleic acids was modified by extracting the DNA with trichloroacetic acid 
so that the DNA could be determined colorimetricaUy. 

2. The following rat tissues were analyzed by the modified method and 
by the method of Schneider: pancreas, thjTnus, liver, kidney, spleen, and 
brain. 

3. Both methods yielded essentially the same results when the nucleic 
acid estimations were based on pentose determinations. Results based 
upon phosphorus determinations were less consistent and reliable. The 
need for making both ti’pes of measurements was emphasized. 
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THE SPECIFICITY OF CARBOXYPEPTIDASE 


Br MARK ARNOLD STAHMANN,* JOSEPH S. FRUTON.t 
AND MAX BERGMANNt 

(From the Laboratories of The Rockefeller Institute for Medical Research, New York) 
(Received for publication, May 7, 1946) 

Previous communications from this laboratory have called attention to 
the fact that the action of the proteolytic enzymes is characterized by a 
high degree of specificity (1, 2). Each enzyme hydrolyzes only such 
peptide bonds as are present in the substrate in a certain structural setting 
and, consequently, the nature of the requisite structural attributes of the 
substrate may be used to characterize the specificity of the enzj-me. It 
has been found that, in addition to the indispensable groups within the 
peptide chain, each proteolytic enzyme requires the presence, in the sub- 
strate, of a certain type of side chain (designated R in the formula below) 
in a precisely defined location. 

Side Chain Specificity of Carboxypeptidase — In the present communica- 
tion, studies are presented on the side chain specificity of crystalline 
pancreatic carboxypeptidase. The substrates which were employed were, 
in general, of the foUowing type. 

R 

I 

CiHiCHiOCO— NH- CH,- CO— NH- CH- COOH 
Carbobenzoxyglycylamino acid 

The dotted line denotes the point of enzymatic cleavage. A quantitative 
study was made of the kinetics of the action of carboxypeptidase on a 
series of substrates in which the group R was varied. In these substrates, 
the terminal amino acid was Z-phenylalanine, f-tyrosine, Z-leucine, f-iso- 
leucine, f-alanine, aminoisobutyric acid, or glycine. In the case of all of 
these substrates, with the e.xception of carbobenzoxyglycylglycine, it 
was found that the rates of hydrolysis follow the kinetics of a first order 
reaction under the conditions employed in these experiments. The rate 
of hydrolysis per unit of enzyme concentration is given by the proteolytic 
coefficient C which Bag heen defined as the rate constant when the enzyme 
concentration is 1 mg. of protein nitrogen per ml. of test solution (3, 4). 

* Present address. University of Wisconsin, Madison, Wisconsin. 

t Present address, Yale University, New Haven, Connecticut. 
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The hydrolysis of carbobcnzoxyglycylglycinc was so slow that a satisfactoiy 
rate constant could not be obtained. 

The data presented in Table I show that, while all of the above substrates 
were hydrolyzed by the carbo.xypcptidase preparation, they differ greatly 
in their sensitivity to enzymatic attack. Thus, to achieve comparable 
rates of hydrolysis of carbobcnzo.\ygIycyl-Z-alanine and carbobenzoxy- 
glycyl-f-phenylalanine, 310 times as much enzyme were required for the 
alanine-containing substrate as was nccessarj' for the phenylalanine- 
containing substrate. It may be estimated from the extent of the hydroly- 
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Action of Cryatallino Carboxypcplidaac on Synthetic Substrates 


Substrate* 

E£u>Tnc con* 
centnUon. , 
N per ml, lest i 
solution 

1 

pil 

At 

ct 

Carbobcuzoxyglyeyl-f-phenylalaninc (5) 

mf. 

0.0002 

7.3 

0.0026 

13 

Carbobenzo.\yglycyl-f-tyro3ine (6) 

0.0001 

7.4 

0.0025 

6.2 

Carbobenzoxyglycyl-/-Icucino 

0.0006 

7.3 

0.0016 

2.6 

Carbobonzo.\yglycyl-f-i3oleucine 

0.0025 

7.3 


0.54 

Carbobonzo.\yglycyl-/-alaninc (7) 

0.010 

7.3 

0.0015 

0.038 

Carbobenzo.xyglycylaminoiaobutyric acid 





(8) ' 

0.160 

7.3 

0.0021 

0.013 

Carbobcnzoxyglycylglycinc (0) 

0.320 

7.2 


0.0024§ 

Acetyldehydrophenylalanyl-f-phcnylala- i 

1 


1 


nine (10) j 

o.oso 

1 7.2 

1 0.0025 

0.032 

Acetyldchydrophenylalanyl-Meucinc fll).. 

0.320 

7.2 


0.0069 


* The figures in parentheses represent the bibliographic references. 

tir=-i_i 100 

min. 100 — % hydrolysis 
K 


t (7 = 

mg. protein N per ml. test solution 

§ Calculated on the basis of the e.xtent of hydrolysis within 5 hours. 


sis of carbobenzo.xyglycylglycine within 5 hours that about 5000 times as 
much enzj'me would be required for this substrate as for carbobenzoxy- 
glycyl-f-phenylalanine to give comparable rates of hydrolysis. 

Neither carbobenzo.xyglycylsarcosine (12) nor carbobenzoxyglycyl- 
Z-proline (12) was hydrolyzed by carboxypeptidase, even at very high 
enzyme concentrations (0.3 to 0.5 mg. of protein nitrogen per ml. of test 
solution). This indicates that the presence of the “peptide hydrogen” 
in the substrate is essential for the action of carboxypeptidase (c/. also 
(13)). 
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It was of interest to find that the unsaturated compound carbobensoxj- 
dycyldehydrophenylalanine (10) was resistant to the action of carboxy- 
peptidase at an enzyme concentration of 0.16 mg. of protem mtrogen per . 
of test solution. This is in distinct contrast to the behavior of the I form 
of the saturated peptide which, as will be noted in Table I, is the mos 
sensitive of the substrates studied. ^ i j i, j 

Both acetj'ldehydrbphenylalanyl-f-phenylalanine and acetyldehydro- 

phenylalanyl-Meucine were hydrolyzed by carboxy peptidase. It shouia 
be noted that each of the two acetyldehydrophenylalanyl peptides requu-fc 
approximately 400 times as much enzyme for the same rate of hydrolysis 
as the corresponding carbobenzoxyglycyl peptides, carbobeMOxy^ycy - 
i-phenylalanine and carbobenzoxyglycyl-Z-leucine. ^i^, the exchange 
of the acetyldehydrophenylalanyl portion of the peptide for the ' 

zoxyglycyl portion decreased the rate of enzymatic hy o y^ o e 
degree for the phenylalanine- and leucine-containing substrates, inis 
result is similar to that noted prexdously for other su s ra es o 

carboxypeptidase (4). , , ^ • 

ArUipodal Specificity of Carboxypeptidase— It was found ^t, o™ 
for carboxypeptidase to act on a carbobenzoxj’glycy o , 
terminal amino acid must be of the I configuration. Thi^, carbobenzoxy- 
glycyW-phenylalanine^ and carbobenzoxyglycyWdeucme ( , 

I antipodes are extremely sensitive to carbo::y'^ptidase ac ion, me r 
to the action of the enzyme. This finding is in agreemen wi 
affinity theory” (7) of the action of proteolytic enzyme. In thu. ttmoy 
it has been assumed that an enzyme exhibitmg mtipc^ spe^city 
contain several active groups in a fixed asymmetric position. or j 
sis to occur, these active groups must approach t e essen ^ 

peptide chain of the substrate. In the case of the I an ip nmnlpx 

of the side chain is such that the formation of the 

is unhindered. It is assumed that in the case of the d antipodes, however, 
the side chain blocks the approach of the enzyme. ^ 

Enzymatic Homogeneity of Carboxypeptidase ^In 'visw o 
ences in sensitivity exhibited by the substrates listed in a e^ 

desirable to ascertain whether the hydrolysis of sex e o n-Tvmp- 

is effected by a single enzyme or by a number of c ose tu-- onH four 

present in our sample of crystalline carboxypeptidase. ° v,-tr^tp- 

substrates of varying sensitivity were selected for study ^ubp 

employed were carbobenzoxyglycyl-Z-phenj’lalaniim, cm ° . 

Z-tyrosine, carbobenzoxyglycyl-Z-leucine, and carbobenzoxy gl> cj 
‘ Stein, W. H., unpublished experiments. 
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Experiments were perforined in which a solution of the enzyme was in- 
activated partially by heat (52“) or by alkali (pH 10). The denatured 
protein was removed by filtration and the filtrates w'ere allowed to act on 
each of the four substrates mentioned above. If crystalline carboxypep- 
tidase contained several enzymes, it might have been expected that the 

Taolk II 

Partial Inactivation of Grydalline Carboxypeptidase by Heat and by Alkali 
An aliquot of a aolution (A) of four times cryatallized carboxypeptidaae con- 
taining 1.077 mg. of protein N per ml. in 18 per cent NaCl waa heated at 52° for 6 
niimitea, cooled, and filtered. Tho filtrate (B) contained 0.618 mg. of protein N 
per ml. Another aliquot of Solution A waa heated for 10 minutes, cooled, and fil- 
tered. The filtrate (C) contained 0.316 ing. of protein N per ml. A third aliquot 
of Solution A was adjusted to pll 10.0 with 0.1 x NaOH and allowed to stand at 
25° for ‘15 minutes. Tho NaOII was then neutralized with an equivalent quantity 
of 0.1 N HCl and tho mixture was filtered. Tho filtrate (D) contained 0.666 mg. of 
protein N per ml. after correction for the slight change in volume. These solutions 
were then diluted and tested for activity toward tho four substrates listed below. 


SubtUale 

Eozyme 

solutloa 

Ensyme coa- 
ccntxslioD, 
ptolcin N 
I^r ml. test 
solutioa 

pH 

JC 

C 

Carbobenzoxyglycyl-f-phenyl- 


mt. 

0.0002 

7.3 

0.0026 

13 

alanine 



7.3 

0.0025 

12 



0.0002 

7.3 

0.0026 

13 



0.0002 

7.3 

0.0027 

13 

Carbobenzoxyglycyl-l-tyroaino 


0.0004 

7.4 

0.0025 

6.2 


B 

0.0004 

7.4 

0.0021 

5.3 



0.0004 

7.4 

0.0031 

5.3 



0.0004 

7.4 

0.0034 

6.0 

Carbobenzoxyglyoyl-f-Ieucine 


0.0006 

7.3 

0.0016 

2.6 


B 

0.0006 

7.3 

0.0014 

2.3 



0.0006 

7.3 

0.0015 

2.5 



0.0006 

7.3 

0.0016 

2.6 

Carbobenzoxyglycyl-i-alanine 


0.04 

7.3 

0.0015 

0.038 


B 

0.04 

7.3 

0.0015 

0.038 


C 

0.04 

7.3 

0.0015 

0.038 


D 

0.04 

7.3 

0.0016 

0.040 


relative rates of hydrolysis of these four substrates would have been 
different for the untreated and the partially inactivated enzyme solutions. 
As will be noted from the data in Table II, no such differences were ob- 
served, nnd consequently, there is no reason to assume that the hydrolysis 
of the four substrates is performed by different enzymes. 

Inhibition of Carboxypepiidase Action — ^The apparent enzymatic homo- 
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geneity of crystalline carboxypeptidase noted above raises the question 
whether the great differences found for the sensitivity of the various 
carbobenzoxyglycylamino acids toward this enzyme are due to differences 
in the afBmty of these compounds for the enzyme. For this reason, 

Table III 

Inhibition oj Crystalline Carboxypeptidase 


The rate of hydrolysis of carbobenzoxyglycyl-f-phenylalauine (0.05 n) was fol- 
lowed in the presence of an equivalent concentration of added substance. The 
enzyme concentration was 0.0002 mg. of protein nitrogen per ml. in all cases. 


Aided subsUace 

pH 

Tine 

Hjrdrolysu 

K 

Icbibitioa 


1 

hrs. 

per ctnl 


per uni 

None 

7.3 

1.0 

30 

0.0026 




2.0 

49 

0.0025 




3.0 

66 

0.0026 




4.0 

77 

0.0026 


Carbobenzo^glycyl-i-alanine 

7.3 

1.0 

15 

0.0012 




2.0 

30 

0.0013 




3.0 

44 j 

0.0014 




4.0 

53 

0.0014 

50 

Carbobenzoxyglycylglycine 

7.2 

1.5 

19 1 

0.0010 




2.0 

26 

0,0011 




3.0 

37 

0.0011 




4.0 

49 

0.0012 

53 

Carbobenzoxyglycylaarcosine 

7.2 


33 

0.0019 





46 

0.0018 




3.0 

53 

0.0018 




3.5 

60 

0.0019 

23 

Carbobenzoxvelvcvldebvdro- 

7.3 

1.0 

20 

0.0016 


phenylalamne 


2.0 

35 

0.0016 




3.0 

47 

0.0015 

1 



4.0 

53 

0.0016 

40 

Carbobenzoxyglycyl-d-phenyl- 

7.3 

1.0 

14 

0.0011 


alanine 


2.0 

23 

i Q.QOlO 




3.0 

34 

0.0010 




4.0 

45 

0.0011 

60 

Carbobenzoxyglycyl-d-leucine 

7.4 

1.5 

25 

1 0.0014 


1 


2.0 

31 

i 0.0014 




3.0 

40 

0.0012 




3.5 

45 

0.0012 

50 


e.'cperiments were performed in which there was studied the miubitory 
effect of relatively resistant peptides on the enzymatic cleavage of a 
substrate which is hydrolyzed rapidly. Substrate mixtures containing 
equivalent concentrations of carbobenzoxyglycyl-Z-phenylalanine (which 
is hydrolyzed rapidly) and a related reastant peptide were subjected to 
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the action of crystalline carboxypeptidase. The resultant hydrolysis 
rate was compared with that found in the absence of the resistant peptide. 
The data are presented in Table III. 

In the absence of added resistant peptide, carbobenzoxyglycyl-I-phen- 
ylalanino is split rapidly to give a first order velocity constant of 0.0026 
under the experimental conditions employed. In the presence of carbo- 
benzoxyglycyl-/-alauine, however, the rate of hydrolysis is reduced to a 
constant of 0.0013, or 50 per cent of the original value. (At the enzyme 
concentration used in these experiments, there is no significant hydrolysis 
of carbobenzoxyglycyl-l-alanine in 4 hours.) Similarly, the addition of 
carbobenzoxyglycylglycino resulted in a rate which was 42 per cent of 
the original value. The addition of carbobenzoxyglycylsarcosine or 
carbobenzoxyglycyldchydrophenylalanine, neither of which is hydrolyzed 
by carbo.xypeptidaso, residtcd in 28 and 40 per cent inhibition respectively. 
Thus, the presence of certain peptides wliich are either completely resistant 
to the action of the enzyme or arc split but slowly by carboxypeptidase 
may markedly reduce the rate of hydrolysis of carbobenzoxyglycyl-1- 
phenylalanine by this enzyme. 

It was of interest to find that the addition of carbobenzoxyglycyl-d- 
phenylalanine or carbobenzo.xyglycyl-d-leucme also resulted in inhibitions 
of a similar magnitude. Analogous inhibition of the hydi-olysis of the 
I antipode by the d form has been noted for chymotrypsin (15), and for 
a peptidase from swine intestinal mucosa (16). These results emphasize 
the dangers inherent in kinetic studies in which dl mixtures are used as 
substrates. 

The data presented in Table III, while suggestive, require cautious 
interpretation. According to the polyaffinity theory, the combination of 
a substrate of carboxypeptidase wth the active center of the enzyme 
involves at least two structural elements of the substrate, the sensitive 
peptide linkage and the free carboxyl group. It may well be that some 
of the inhibitory peptides (such as carbobenzoxyglycyl-Z-alanine) compete 
with the sensitive peptides for the enzyme by combining -with the active 
catalytic center in the manner postulated in the polyaflfinity theory. If 
this is the case, then the similarity in the observed extent of inhibition 
would suggest that the peptides listed in Table III have similar aflBhities 
for the active center of carboxypeptidase. The difference in the rates of 
hydrolysis of peptides which are split by carbo.xypeptidase would then be 
due to the difference in the rates at which the respective enzyme-substrate 
comple.xes. decompose to form the hydrolytic products. This interpreta- 
tion cannot, however, apply to the inliibitions by the d peptides or carbo- 
benzoxyglycylsarcosine, if the polyaffinity theory is to be maintained. 
In these latter cases, it would be necessary to assume that the inhibitor 
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combines -nith the active center of the enzj-me at only one point, possibly 
through the carboxyl group of the inhibitor. It is also possible that the 
inhibition by d peptides may also involve association with the corresponding 
sensitive I antipode, thus reducing the effective concentration of the latter. 
Studies on the quantitative relationships between substrate concentration 
and the rate of carboxypeptidase action, which are in progress, should 
throw more light on this question. 


EXPERIMENT.1.Ii 

Carhohenzoxyglycyl-l-leucine — 13.1 gm. of carbobenzoxyglycyl chloride 
dissolved in 100 ml. of dry ether were added to an ice-cold ether solution 
of Meucine methyl ester (prepared from 9.8 gm. of the hy(tochloride). 
The acid chloride was added in two portions, the second being followed 
by 75 ml. of saturated aqueous potassium bicarbonate. The cold reaction 
mixture was shaken for 30 minutes, then allowed to stand at room tempera- 
ture for 1 hour. 2 ml. of pyridine were added and the mixture shaken for 
5 minutes. The ether layer was removed and washed with dilute hydro- 
chloric acid, bicarbonate, and water and then dried. The ether was 
removed and the oily ester was saponified by dissolving in 200 o 
ethanol and adding 54 ml. of 1.0 n sodium hydrordde. After 30 n^utes 
the reaction mixture was acidified to Congo red with n hydrochloric aci 
and concentrated under reduced pressure until an oil began to separate. 
The oil crystallized on standing at 4° overnight. T^e crj'stals were 
collected and the mother liquors concentrated to obtain a second crop. 
The combined jdeld was 11.3 gm. The crude product was recrystalhzed 
from a mixtiue of ethyl acetate and petroleum ether; m.p. 141—142 . 


CiiHaOsHj. 

322.4 

WS = 


Calculated. C 59.6, H 6.9, N 8.7 
Found. “ 59.8, “ 6.9, “ 8.7 

—10.3° {5% in ethyl alcohol) 


Carhohemoxyglycyl-l-isoleucine — This compound was prepared from 
/-isoleucme methyl ester by a procedure analogous to that used to prepare 
carbobenzoxyglycyl-Heucine. The Z-isoleucine meth3d ester T\as pre- 
pared by esterifjnng Z-isoleucine with methanol and HCl in the wa> 
and then liberating the free ester from the oily methyl ester hj droc on e 
with excess sodium hydroxide. From 10 gm. of Z-isoleucine, 9.0 ° 

crude carbobenzoxj'glycyl-Z-isoleucine were obtained. Thia was pu 
by reciystaUization from a mixture of ethyl acetate and petroleum ether; 
m.p. 114^115°. 


C,JIkO,N 5 . Calculated. C 59.6, H 6.9, X 8.7 
322.4 Found. “ 59.6, “ 6.8, “ 8.7 

[ajg = -H4.3° (5% in ethyl alcohol) 
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Enzymatic Studies 

The crystalline carboxypeptidase was prepared and recrystallized three 
times according to the directions of Anson (17). The determination of 
the enzymatic hydrolysis was made by measuring the liberated carboxyl 
groups in the manner described earlier (5), except that the hydrolysis 
was carried out at 25° in all cases. 

The authors wish to e.\prcss their thanks to Dr. William H. Stein for 
samples of the d peptides used in this investigation and to Dr. Adalbert 
Elek for the microanalyses reported in this paper. 

SUM-IIARV 

A study of the specificity of crystalline pancreatic carboxypeptidase 
has shown that several carbobenzo.xj'glycylamino acids differ greatly in 
their sensitivity to enzymatic action, depending on the nature of the 
terminal amino acid present in the substrate. This variation in sensitivity 
cannot be attributed to the presence, in the enzyme preparation, of several 
enzymes, since partial inactivation of carboxypeptidase results in a parallel 
decrease in enzymatic activity toward all the substrates studied. 

The rate of action of carbo.xypeptidase on carbobenzoxyglycyl-f-phen- 
ylalanine is decreased by the presence of substances related in structure 
to this substrate. 
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THE EFFECT OF AillNO ACIDS ON THE 

INHIBITION PRODUCED BY THIENYLALANINE 

Bt IL\RL DrrTxMER.t GLE>fN ELLIS. HERB^T ilcKEflNIS. Ja.,t akd 
VINCENT DU VIGNEAUD 

(Prom the Department of Biochemielry. Cornell Univereity iledical Colleye, 

New York City) 

(Received for publication. May 3, IMS) 

A recent paper from this laboratory (1) reported the 
growth of Saccharomyces cerevisiae by dZ-^-2-thimj e, ' A 

^enylalanine. This inhibitory action of thienylalanme 
by pbenylalanine. Thus, the thienylalaiuiie was s f^vinitv 

“antiphenylalanine” for this yeast. Tyrosine no effect on ^ 

of the thienyl compound. Furthermore, a mixture o “^A^Vionvlalamne 
natural amino acids present in twice the concentra on o thienyl 

required for reversal did not nullify inhibition pf i'^.^^srowth by toy 
alanine. This indicated that no other am mo aci .“L j „ *0 

as phenylalanine in the prevention of the yeast ^ow hiaher 

thiLyinine but it did not exclude the possibOity that at 
levels, other amino acids might counteract t oxici Lacio- 

report here the effects of thienylalanine on Streplccoccus 
fcocOZus arabino^ 17-5, Escherichia coli, and Sac^romyces 
the effects of high concentrations of most of the Imown “^turaBy o^irnn 
annno acids on the inhibitory action of thienylalanme on the la.t two 
organisms. 

experimental 

Inhibition of Growth of Sac^omyces cereoi^, 

IS3— The technique followed in the yeast^o the 

same as that described previously (1). '^e 

work on yeast was a modification of that used by n , ’ ^ 

(2). In the yeast growth e-xperiments, 6.0 cc. Atotal 

to the various addenda dissolved m a volume o . ■> chown 

volume of 7.0 cc. per assay tube (20 X 150 mm.). The medium i. shown 

in Table I. 

• The authors wish to acknowledge a grant-in-aid frorn the ^erle Laboratories, 
Inc., which has contributed to the support of this invesU^t ^ Boulder, 

t Present address. Department of Chemistry, Umversity of Colorauo, 

""“nt address. Department of Chemistry. Medical CoUege of Virginia. Rich- 
mond, Vlr^nia. 
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Wlien this medium, containing the additional amino acids specified, was 
used, the amount of yeast growth measured turbidimetrically gave a 
reading of 240 units on the Ivlett-Summerson colorimeter. When the 
amino acids with the exception of aspartic acid were omitted from the 
medium, a reading of about 130 units was obtained. The additional amino 
acids did not appear to possess an effect, however, on the toxicity of 
thienylalaninc. 


Table I 

Compoailion of Medium 


Gunpousd 1 

Amount 

Compound 

Amount 

iar,P 04 

20 gm. 

f(+)'Aspartic acid 

3.6 gm. 

1.6 “ 

MgSO^THiO 

2.5 

2 (— )-AflpftrftginQ 

CirCli- 2 H ,0 

2.6 " 

f(-{-)-Glutamic acid 

1.6 “ 

h,b 6 j.... 

10 mg. 

!(-{-) -LyainO'HCl 

1.6 “ 

ZnSO,.7HiO 

10 

2(4*)-Arginino*HCl 

1.6 “ 

MnCl,....y 

10 “ 

f(— )-Histidino-HCl-HiO. . . 

1.6 “ 

TlCli... 

10 “ 

f( — )-Prolino 

1.6 “ 

FeClj 

5 “ 

I(— )-Hydro.xyproline 

1.6 “ 

CuS04*6H,0 

1 " 

Tnn.qitol 

60 mg. 

KI.. .!.... 

1 “ 

Vitamiu B 4 

0.2 “ 

SnoroRfl (pnnficfi) 

200 gm 

Rintin 

16 y 

(NH4)iSd4 

30 

TTiO f.n 

10 liters 

Glycino 

1.6 " 

Vif.nn^in Bi* 

0.2 mg. 

df-Seriae 

l.G “ 

dl-Caloium pantothenate*! 

60 “ 

df-Threonine 

1.6 “ 




* Added after the medium ia aterilized. 

t When p-alanine waa present in the medium instead of pantothenic acid, many 
of the amino acids inhibited the growth of the yeast. In the amount of 1.5 mg. per 
7 CO. of medium, threonine, asparagine (3), aspartic acid, alanine, isoleucine, serine, 
or glycine gave pronounced inhibition. In the presence of calcium pantothenate, 
no inhibition by these amino acids was observed. A similar relationship between 
amino acids and /3-aIanine and its effect on the growth of a number of yeasts have 
been reported by Sarett and Cheldelin (4). 

The effect of increasing amounts of di-thienylalanine on the growth of 
yeast in the amino acid-supplemented medium is shown in Fig. 1, Curve 1. 
Also included are the inhibition curves in the presence of various levels of 
dZ-phenylalanine. From these data, it can be seen that 42.5 y of thienyl- 
alanine per 7 cc. reduced the growth to 50 per cent of normal. The ratio 
between the additional thienylalanine required and the amount of phenyl- 
alanine added remained constant over a wide range of phenylalanine 
concentrations, as is illustrated in Table II. 

The yeast growth curves of Fig. 2 show the effect of increasing amounts 
of phenylalanine on the toxicity of various levels of thienylalanine. These 
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Fia. 1 . Thienylalanine inhibition of yeaat growth. Curve 1 , with no dZ-phenyl- 
alaniae in the medium; Curves 2 , 3, and 4, with 10 7 , 20 7 , and 307, respectively, of 
di-phenylalanine per 7 cc. 


Table II 

Belatiomhip beltceen Thienylalanine and Phenylalanine for Inhibition of Groicih of 

Yeast 


iJ-Pheaylilaimie added 
p«7J)cc. 

Jf-T&ienyLtIaa»ne* zddcd per 

7Jl cc. for £0 per yeast 

groTTth tahlbitioa 

ThieayUlaiaae 

'FhesylaUaiae 

7 

y 


10 

8.5 

0.85 

20 

16.3 

0.82 

30 

24.5 

0.S2 

mg. 

mg. ' 


s 

6.64 

0.83 


* -\mount of thienylalanine which had to be added above the amount required 
to produce 50 per cent inhibition without added phenylalanine. 


curves indicate that the toxicity of fairly large amounts of thieny la l an i n e 
can be counteracted by phenylalanine. The amount of phenylalanine 
required to counteract the toxicity of thienylalanine increased with the 
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amount of thienylalanine present and the ratio between these two quanti- 
ties, as shown in Table III, remained quite constant. 



Fig. 2. Nullificatioa of the toxicity of various di-thienylolanine concentrationa 
(indicated on each curve) by df-phenylalanine. The short horizontal bars indicate 
the 50 per cent level of nullification of the thienylalanine toxicity. 


Table III 

Nullification of Toxicity of Thienylalanine by Phenylalanine 


J/'ThieDylalantne per 7.0 cc. 

(//•PbeoyUhoiDe required for 
jO per cent nullification 
of toxicity 

Thieoyblonlne 

Phenylalanine 

7 

7 


200 

370 

0.54 

500 

920 

0.64 

1000 

1800 

0.55 

2000 

3300 

0.61 


Inhibition of Growth of Escherichia coli — ^The E. coli- used in these 
studies was grown on the synthetic medium described by Kalmanson and 
Bronfenbrenner (5) with the addition, of the following amounts [of vitamins 
per liter: thiamine chloride 3 mg., pyridoxine hydrochloride 3 mg., calcium 

I The Escherichia coli culture was obtained from Dr. James Neill of the Depart- 
ment of Bacteriology, Cornell University Medical College. 
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pantothenate 3 mg., nicotinic acid 6 mg. Beat results were obtained if 
the medium was prepared daily. 5.0 cc. of medium were added to the 
various addenda dissolved in a volume of 1.0 cc. in the assay tubes (15 X 
120 mm.). The tubes were plugged and autoclaved for 2 minutes at 
15 pounds pressure and then inoculated aseptically with 1 drop of an 
E. coli suspension. The inoculum was kept constant by using suspensions 
of equal turbidity for each experiment. The E. coli suspension was pre- 
pared by centrifuging a 20 hour culture of E. coli in nutrient broth and 
adding it to enough sterile saline to give a suspension which was adjusted 
by the turbidity and contained 0.006 milliequivalent of nitrogen per cc. 



Fig. 3. The Escherichia coli growth inhibition curve o£ thienylalanine 

(Kjeldahl). 1 drop of a 1:100 dilution of this suspension was added to 
each tube and the tubes were incubated for 16 hours at 37“. Growth was 
measured as turbidity in a Hett-Summerson photoelectric colorimeter. 

The mhibition of the growth of Escherichia coli under these conditions 
is illustrated by the curve of Kg. 3. It will be noted that 1.88 y of thienyl- 
alanine inhibited the growth of Escherichia coli to 50 per cent of normal. 
When phenylalanine was added to the medium, more thienylalanine was 
required to maintain the growth level at 50 per cent of normal. The ratios 
of additional thienylalanine to phenylalanine, at levels of 50 per cent 
normal growth mhibition, increase with increasing amounts of phenyl- 
alanine. With levels above 5 7 of phenylalanine per 6 cc., the ratio of 
thienylalanine to phenylalanine appears to be fairly constant, as is illus- 
trated in Table IV. The amounts of phenylalanine required to bring the 
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iiillibition due to various amounts of thienylalanine back to 50 per cent 
of normal growth arc listed in Table V and plotted in Fig. 4, These 
results indicate that the ratio of thienylalanine to phenylalanine remains 
constant only at the higher levels of thienylalanine. 

Effect of Thienylalanine on Streptococcus faccalis {American Type Culture 
Collection, No. 4081) — ^This organism did not grow in the medium described 
by McMahan and Snell (6) for Lactobacillus casei if phenylalanine was 

Table IV 


Lihibition of Growth of Escherichia coli by Thienylalanine in Presence of Phenylalanine 


J/>FhcnyIaUaioe per 6 cc. 

J/^TblenybUnlne* for 50 per cent 
lohibltloa of growth of EicktrichxA 
edi per 6 cc. 

Thlenyblmioe 

Phenylibnine 

Y 

7 


1.0 

5.9 

5.9 

2.0 

16 

8 

5.0 

100 

20 

10.0 

260 

26 

50 

1200 

24 


* Amount of thienylalanine which had to be added above the amount required 
to produce 50 per cent inhibition in the absence of added phenylalanine. 


Table V ' 

Nullification by Phenylalanine of Thienylalanine Inhibition of Growth of Escherichia 

coli 


JZ-Thienylabninc per 6.0 cc. 

{ff-FhenybUniDe required for 

50 per cent nullihcatloD 
of toxicity 

Thienyblanlne 

Fhenybbnbe 

7 

7 


5 

2.0 

2.5 

50 

2.5 

20 

100 

5.0 

20 

500 

22.5 

22 

2000 

100.0 

20 


omitted. In the presence of 30 y of dZ-phenylalanine per 6 cc., good growth 
was obtained in 24 hours and this gro^vth was completely inhibited by 
50 y of dZ-thienylalanine. An additional 50 y of df-phenylalanine nullified 
this toxicity. 

Effect of Thienylalanine on Lactobacillus arabinosus 17-5 — ^This organism 
grew well in the medium of McMahan and Snell (6) without added phenyl- 
alanine. Thienylalanine inhibited the growth of this organism and again 
the inhibition was nullified by the addition of phenylalanine. 

Effect of Amino Acids Other Than Phenylalanine on Thienylalanine 
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Toiiciiy on Yeast and Escherichia cdli — To study the effect of amino acids 
other than phenylalanine, a level of thienylalanine was chosen which was 
large enough to g^ve a definite amount of inhibition of growth and yet 
was small enough so that a high ratio of amino acids to thienylalanine 
would obtain. For Saccharomyces cereoisiae, 50 y of thienyl al a n i n e per 
7 ce. were chosen; the toxicity of this amount of thienylalanine was almost 
completely nullified by 100 y of phenylalanine. 

A level of 5 7 of thieny lalanin e per 6 cc. was selected to test the effects 
of the amino acids on the toxicity of thienylalanine for Escherichia coli. 



Fig. 4. Nullification of the thienylalanine inhibition of the growth of Escherichia 
coli. The short horizontal bara indicate the 50 per cent level of nullification of the 
thienylalanine toxicity. 


This amount of thienylalanine almost completely inhibited the growth 
of Escherichia coli and was nullified by approximately 2 7 of added 
phenylalanine. 

The growth curves representing the counteraction of the thienylalanine 
to.xicity for yeast by certain amino acids are plotted in Fig. 5. All of 
these amino acids were studied up to levels of 6.0 mg. per 7 cc. but are 
plotted only to levels of 2 mg. per 7 cc. The curves representing the 
counteraction of the thienylalanine inlfibition of the growth of Escherichia 
coli by di-phenylalanine, i-tyrosine, and di-tryptophane are plotted in 
Fig. 6. 

The effect of a series of amino acids on the toxicity of thienylalanine on 
both Saccharomyces cerevisiae and Escherichia coli is shown in Table VI. 



240 ; 



MILLlOnAMS OF AMINO ACIDS PER 7 CC. 

Fiq. 6. The effect of varioua amino acids on the toxicity of SO 7 of thienylalanine 
on the growth of Saccharomyces cereeiaiae. 



o 2 A e a (0 

MICROGRAMS OF AMINO AGIOS PER 6 CC. 


FiQ. 6. The effect of di-phenylalanine, i-tyrosine, and di-tiyptophane on the 
toxicity of 5r of thienylalanine on the growth of Sacharichia coU. 
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Those amino adds which counteracted the growth inhibition of either 
organism are listed first with their relative effectiveness compared with 
dZ-phenylalanine taken as 100 per cent. The amino acids were compared 
with phenylalanine at the levels of amino adds which were necessary to 
obtain growth at a level halfway between normal growth and the growth 
in the presence of 50 y of thienylalanine in the case of yeast and of 5 y 


Table VI 

^vilification of Thienylalanine Inhibition of Growth of Saccharomycea cereviaiae 
and Bteherichia colt by Various Amino Acids 


Fox 5. cetnina* 

For S, uli 

1 

Anouflt 
required for 
£0 per ceat 
nulIiScatiaa 
of inhibition 
..byiOT 
thlcn 7 u.t.tnlne 

Efective- 
iiess on 
moUr 
tmis 

1 

Aaino and 

Anount 
ieq;aired for ' 
^ per cent , 
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* dl-Tryptophane was obtained through the courtesy of The Dow Chemical Com- 
pany. 

with Escherichia coli. Tins is the growth level which represents 50 per 
cent nullification of the toxicity of thienylalanine. 

It will be noted from the data of Table VI and Figs. 5 and 6 that, for 
yeast, no other amino acid was nearly as effective as phenylalanine, whereas 
for Escherichia coli, 1-tyrosine and dZ-tryptophane were also highly effective. 

During this study, synthetic amino acids were used whenever possible, 
since several amino acids which were isolated from natural sources i nitially 
counteracted the thienylalanine inhibition of yeast growth, but did not 
demonstrate this effect when they were highly purified. Of the amino 
acids which were effective in counteracting the thienylalanine inhibition, 
only tyrodne and histidine were not qmthetic products. The 1-histidine 
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is only slightly active (0.25 per cent) for Escherichia coli as compared 
with phcnylalaiune, and the possibility of contamination \vith some of 
the more active amino acids is not ruled out. However, three different 
samples of Z-histidino were found to be active. 

In the case of phenylalanine, leucine, isoleucine, methionine, or trypto- 
phane, the naturally occurring Z isomer was twice as effective as the dl 
compound in preventing the inliibitory effect of thienylalanine on yeast 
growth. The same was true for phenylalanine, leucine, and tryptophane 
in the case of Escherichia coli. On the other hand, tZZ-methionine produced 
more of an effect on E. coli than half the amount of Z-methionine. d- 
Methionine (by itself) only slightly counteracted the thienylalanine to.x- 
icity, but when both Z-methioninc and d-metliionine were added together, 
the effect was appro,\imately GO per cent greater than would be ex- 
pected from a simple additive effect. Tiffs would indicate that in the 
presence of Z-methionine, the d isomer has considerable activity. Lampen, 
Jones, and Roepke (7) have reported that tZ-methionine ^vill partially 
replace the requirement of Z-methionine for the growth of a mutant of 
E. coli which requires metlffonine for growth. 

SUIGLVRY 

The “antiphenylalanine” properties of cZZ-thienylalanine have been 
studied with Saccharomyccs cerevisiae, Escherichia coli, Streptococcus faecalis, 
and Lactobacilhis arabinosus. For each microorgaiffsm the thienylalaiffne 
to-xicit}' was counteracted bj' the addition of phenylalanine. 

Tlve effect of certain other amino acids on the thienjdalaiffne inhibition 
of the growth of Saccharomyccs cerevisiae and Escherichia coli has been 
investigated. 

For Saccharomyccs cerevisiae, none of the other anffno acids were as 
effective as dZ-phenylalanine in counteracting the toxicity of thienjdaJaiffne. 
dZ-Leucine, dZ-isoleucine, dZ-tryptophane, dZ-methionine, and dZ-valine 
were effective but had to be present in levels 10 to 30 times as high as 
phenylalarffne to produce comparable results. 

For Escherichia coli, dZ-phenylalanine and dZ-tryptophane were almost 
equally effective in counteracting the toxicity of thienylalaiffne, and 
Z-tyrosine was also effective. dZ-Leucine, Z-histidine, and dZ-methionine 
were only slightly active. 

All of the other naturally occurring amino acids which were tested were 
found to be without effect on either microorganism. 

The authors wish to express their appreciation to Mrs. Martha F. 
Ferger, Mrs. Margaret Moore Sherwood, and Miss Miriam Thompson for 
assistance in the technical work. 
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THE OXIDATION OF ASCORBIC ACID BY OXIDIZED 
ADRENALIN AND CYTOCHROME c* 


Bt HEKZ HERRMANN, I MARY B. BOSS, and JONAS S. FRIEDENYTAID 

(From jAo IFtlmer Ophthalmological Institute of The Johns Hopkins University and the 
Johns Hopkins Hospital, Baltimore) 

(Received for publication, May 10, 1946) 

Previous experimental results suggest that adrenalin and ascorbic acid 
are linked to a system of reductions and oxidations which play an important 
rflle in the formation of the aqueotis humor (1). In order to obtain in- 
formation about the enzymatic basis of these reactions we have investigated 
the distribution of some of the known oxidative enzymes in the tissue com- 
ponents of the ciliary body and of the chorioid plexus (2). It is possible, 
however, that the interaction of some of the presumptive mediators might 
he subject to an enzymatic catalysis that had so far escaped notice. In 
this connection we have examined the effect of various tissue preparations 
upon the reaction between ascorbic acid and oxidized adrenalin. We 
found that in the presence of the latter the disappearance of ascorbic acid 
was greatly accelerated and the oxygen uptake considerably enhanced by 
the addition of cytochrome c. 

It has been generally accepted that cytochrome c accelerates the oxi- 
dation of various substrates by molecular oxygen only in systems which 
contain cytochrome oxidase. Chm experiments suggested that an increase 
in the rate of oxidation of ascorbic acid by cytochrome c can also occur 
when oxidized adrenalin is added as the autoadizable component instead of 
cytochrome oxidase. This possibility was studied in greater detail and 
the results are reported in this paj)er. 

KXPEHIMENTAL 

For the oxidation of adrenalin we prepared a solution which contained 
1 nig. of a crystalline preparation (Parke, Davis) in 0.5 ml. of a 0.05 m 
phosphate buffer at pH 7.2. Between 2.0 and 3.5 ml. of this solution were 
pipetted into a Warburg flasTc and shaken at a rate of about 80 oscillations 
per minute. O.xygen uptake starts after a lag period of 1 to 2 hours, 
depending upon the purity and the age of the adrenalin preparation. At 
the same time the formation of red oxidation products can be observed. 
If not stated otherwise, we allowed the oxygen uptake to proceed imtil 
80 to 110 c.mm. of oxygen had been consumed per mg. of adrenalin, which 

• This iavestigatioa was supported by a grant from the John and Mary R. Markle 
Foundation, 

t Present addr^, Osborn Zoological Laboratory, Yale University, New Haven, 
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required 4 to 6 hours at a temperature of 37.5°. We assume that the solu- 
tion contains after this time some imoxidized adrenalin and several oxida- 
tion products at different steps towards the maximum possible o.xidation. 
As a matter of convenience and because of lack of better information, 
this mixture will be called oxidized adrenalin. Further comments con- 
cerning the oxidation products of adrenalin will be given in the discussion. 

The rate of the oxidation of ascorbic acid was determined by measuring 
the oxygen uptake manometrically or by titrating the ascorbic acid with 
dichlorophenol indophenol. For the manometric determination the solu- 
tions of ascorbic acid or of the substances which were used in its place were 
pipetted into the side arms of Warburg flasks, while the other components 
of the system were pipetted into the main compartment. The content 
of the side arm was tipped into the main compartment after thermo- 
equilibration, and readings were taken every 5 minutes at 37.5° with air 
as the gas phase. It was found to be essential to shake the manometers 
at a high oscillation rate of about 120 per minute. All solutions were 
made up in 0.05 .u phosphate buffer of pH 7.2, and the same buflFer solution 
was used for the adjustment to 3.0 ml. of the fluid volume in the Warburg 
flasks. For all purposes we took double distilled water, with the second 
distillation carried out in an all-glass still. 

The titrations of ascorbic acid were carried out by transferring 0.1 or 
0.2 ml. portions of the content of the Warburg vessels into 50 ml. beakers 
w’hich contained 1.0 ml. of a 5 per cent solution of metaphosphoric acid. 
A slight opalescence developed when cytochrome c w'as present in the 
samples. With a little practice, we had no difficulty in recognizing the 
end-point of the titration in samples which showed this slight turbidity 
or the pale color due to the presence of c3rtochrome c or of oxidized adren- 
alin. The solution of dichlorophenol indophenol contained 72 mg. of the 
dye in 100 ml. of distilled water. In one series of e.xperiments the rate 
of disappearance of ascorbic acid was determined only by titration. In 
this instance we used 50 ml. Erlenmeyer flasks instead of the Warburg 
flasks, since it is easier to remove aliquots from the solution while the 
reaction is in progress. 

Results 

The acceleration of the oxidation of ascorbic acid by cytochrome c in 
the presence of oxidized adrenalin is demonstrated in Figs. 1 to 3. The 
rate of autoxidation of ascorbic acid is indicated in Figs. 1 and 3 by the 
values for the oxygen uptake at the intersection of the curves ivith the 
ordinate axis. It can be seen that o.xidized adrenalin itself slightly accel- 
erates the oxidation of ascorbic acid. Addition of cytochrome c enhances 
this acceleration up to 9 times, depending upon the concentration of the 
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components of the system. With ascorbic acid the incre^e in the rate 
of oxidation follows the increase in concentration up to the highest observed 
concentration (1.5 X 10“= m) and dimin ishes only slightly in the ^gher 
range (Fig. 2). In the case of cytochrome c and of oxidized adrenahn the 
acceleration reaches a more definite limiting value. The concentration 
of cytochrome c at tlus point is 3.1 X 10“* xi. Since it is not knoivn which 
of the oxidation products of adre nal in are active in our system, a van 
statement about the concentrations involved cannot be made. If one 
would assume that all the adrenalin has been transformed mto active 
material, the concentration would correspond to 1.1 X 10“ m. Pro a y 
it is much below tlus figure. The observed effect is greatly dependent 



upon the pH. Our experiments were carried out at pH 7.0 to 7.o. At 
hig hpr alkalinity measurements become less reliable because of the mcreas- 
ing autoxidation of ascorbic acid. When the acidity is increas , t e e ec 
is diminished and is practically absent at pH 5.5. 

In order to exclude the possibility that an unsown amount ot tto 
oxidized adrenalin directly oxidizes the ascorbic acid, we p c oxi 
adrenalin, corresponding to 1 mg. of adre n a l in, and 3 mg. of cytoc^ rome c 
in the main compartment of a Warburg vessel and 6 mg. of aKorOic 
in the side arm. The vessel was flushed for 10 minutes wnth mtrogen 

after a further equilibration period of 5 minutes the ascorbic aci was e 

into the main compartment. After rapid s hakin g for 20 routes ^cor ic 
acid was determined in an aliquot by titration with dye. We co e ec 
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no measui-able disappearance of ascorbic acid. It follows that the presence 
of o.xygen is essential for the reaction. The values obtained manometrically 
for the oxygen uptake after 20 minutes with different concentrations of 
o.xidizcd adrenalin (Table I) were compared with the data for the dis- 
appearance of ascorbic acid as determined by titration with dichlorophenol 
indophenol. The titrations were carried out ivith aliquots of the same 
samples that were used for the manometric determinations. The dye 
titration measures only the first step in the oxidation of ascorbic acid, 
while the manometric values indicate the total oxygen consumption includ- 
ing the oxidations beyond dehydroascorbic acid. In the presence of 
cytochrome c the values obtained both manometrically and by dye titration 
decrease only by about 24 per cent (Column I) and 10 per cent (Column 
III) respectively with decreasing concentration of o.xidized adrenalin. 

Table I 

Comparison of the Effect of CyCochromc C upon Oxidation of Ascorbic Acid As 
Determined ^fanometrica^ly and by Dye Titration 
Content per flask, cytochrome c 3 mg., ascorbic acid 6 mg.; final fluid volume, 
3.0 ml. of 0.05 M phosphate buffer, pH 7.2; reaction time, 20 minutes. 


Solution of 
oxidized adrena- 
lin correaponding 
to adrenalin 
content of 2 mg. 
in 1.0 ml. 

Oxyscu upUke ia nut X 10^; 
nuaometric detenniaatloa 

Aocorbic acid diuppeoronce in 
mu X 10-^; dye titration 

(I) 
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Cytochrome c 
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_ 1 
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frtL 









0.6 

1.82 

0.94 

1.94 

2.17 

1.15 

1.89 

0.84 

0.82 

0.3 

1.64 

0.74 

2.22 

2.16 

1.18 

1.83 

0.76 

0.63 

0.15 

1.38 

0.41 

3.37 

1.95 

0.86 

2.26 

0.71 

0.48 


Of the same order of magnitude (25 per cent) is the decrease in the absence 
of cytochrome c when the values are determined by dye titration (Column 
IV), while a much greater decrement (54 per cent) is observed in the 
manometric data (Column II), corresponding to an equally marked increase 
in the ratio of Column I to II. Calculation of the molecular ratios between 
oxygen consumption and ascorbic acid disappearance shows that at the 
highest concentration of oxidized adrenalin considerably more than 1 atom 
of oxygen is used per molecule of ascorbic acid. The oxygen uptake in ex- 
cess of 0.5 M O 2 per 1 m ascorbic acid is maintained at a high level by the 
added cytochrome c but decreases rapidly mth decreasing concentrations 
of oxidized adrenalin in the absence of cytochrome c (Column II/IV). 
The results show that cytochrome c accelerates not only the first step in 
the oxidation of ascorbic acid but also the oxygen uptake of more tlW 1 
atom of oxygen per molecule of ascorbic acid. 
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In order to obtain some information about the nature of the effect we 
tested several substitutes for each one of the three reacting substances. 

CyiochroTne c — ^In replacing cytochrome c we were interested to find out 
whether the effect could be produced with metals in the form of ions or 
bound in complex molecules of the type of cytochrome c. We added copper 
as cupric sulfate in a final concentration of from 0.25 to 2.5 X 10"* m. 
The higher concentrations considerably accelerated the oxidation of 
ascorbic acid, but the acceleration wasthe same in the presence and absence 
of oxidized adrenalin. Using ferric chloride in the same concentrations 
we observed no acceleration of the autoxidation of ascorbic acid and the 
reaction was not catalyzed in the presence of oxidized adrenafin. Among 
the substances which are more closely related to cytochrome c we tested 
a erode preparation of hemoglobin. Oxalated human blood was washed 
in the centrifuge with physiological saline until the supernatant was free 
from oxalate and 1 ml. of the cell sediment was suspended in 10 ml. of 
distilled water. After completion of the hemolysis the ghost cells were 
centrifuged off and the supernatant was used as “hemoglobin” solution 
in these experiments. The concentration of the hemolysate (protein 
nitrogen) was adjusted to equal the concentration of the cytochrome c 
solution in our standard procedure. Under these conditions the re- 
action between oxidized adrenalin and ascorbic acid was not accelerated 
by the hemoglobin in the solution. 

Oxidized Adrenalin — In a larger series of experiments we tried to obtain 
some information about the activity of adrenalin derivatives at different 
states of oridation. The derivatives were produced by autoxidizing the 
adrenalin for different lengths of time in the usual way in Warburg flasks. 
The oxidation was followed manometrically and solutions were tested 
after the oxygen uptake had proceeded to the desired value. We obtained 
about half of the usual activity after an oxygen uptake of about 30 cmm. 
per mg. of adrenalin and the full effect could be observed in most samples 
after an oxygen uptake of 50 c.mm. per mg. of adrenalin. These figures 
W'ould correspond respectively to an oxidation of about 1 and 1.6 equiva- 
lents if one assumes that the oxidation progresses imiformly. The ap- 
pearance of the red color, however, indicates that some of the adrenalin 
has undergone at least 4 equivalents of oxidation and, hence, that a part 
of the adrenalin must atUl be present in its original reduced state. Better 
clarification of this question will have to await the preparation of the 
various derivatives. 

The compounds which were tested as substitutes for oxidized adrenalin 
were the oxidation products of hydroquinone, catechol, dihydroxyphenyl- 
alanine, and butanefrine’ (terminal methyl group in adrenalin substituted 

* Winthrop Chemical Company, Inc. 
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by butyl radical). These derivatives were obtained also by autoxidation 
in the same way ns is described for adrenalin. Since the autoxidation of 
the first three substances at pH 7 proceeded too slowly to give the required 
oxygen uptake within a reasonable time, we used here pH 9.0, after having 
convinced ourselves that the oxidation products of adrenalin obtained 
at this pH have the same activity as those obtained at pH 7. We tested 
the solutions at two states of oxidation of the four compounds, correspond- 
ing to an oxygen uptake of 80 and 140 c.mm. per mg. of the respective 
substance. The o.xidation products of hydroquinone, catechol, and dopa 
were completely ineffective. With dopa a precipitate formed in the pres- 
ence of cytochrome c and it cannot be excluded that the failure in this 
case was due to the elimination of dopa from the solution. The oxidation 
product of butanefrine, on the other hand, was found to be only 20 per cent 
less active than oxidized adrenalin itself. 

Ascorbic Acid — It was attempted to substitute for ascorbic acid other 
substances which are readily oxidized and, in turn, are active reducing 
agents, especially for the reduction of cytochrome c. We tested adrenalin 
itself as well as hydroquinone, catechol, and cysteine, substances which 
are frequently used as substrates in the cytochrome system. Cysteine 
was not only not oxidized but it even acted as an inhibitor for the catalyzed 
o.xidation of ascorbic acid. With catechol, adrenalin, and hydroquione 
no extra oxygen uptake was observed above the slow rate of autoxidation 
of these compounds. Isoascorbic acid is as effective as ascorbic acid but 
with glucose no O- uptake was observed. 

Inhibitions of Cytochrome c Effect — ^The effect was found to be sensitive 
to cyanide. In a concentration of 3.5 X 10“’ M the oxygen uptake was 
practically completely eliminated; with a concentration of about 1.0 X 
10“’ Ji we obtained a decrease of about 50 per cent. The inhibitory 
action of cysteine has been mentioned in a previous paragraph. A complete 
inhibition was obtained at a concentration of 5.0 X 10“’ m and an inhibi- 
tion of 20 per cent was obtained with 7.5 X 10“^ Ji. Two substances mth 
pharmacological action synergistic to adrenalin, ephedrine and 2-methyl- 
tetrahydroisoquinoline hydrochloride (3), were also tested. 2 mg. of one 
or the other of these were added to the usual mixture in Warburg flasks. 
This amount was 5-fold of the amount of adrenalin present in these 
experiments, but no inhibitory or potentiating action could be detected. 

We were interested in the effect of o.xidized ascorbic acid on the cyto- 
chi-ome c effect. Ascorbic acid was oxidized by bubbling air through a 
solution of this substance at pH 8.0. The disappearance of reduced 
ascorbic acid was determined by dye titration.. The sample was used 
when half of the ascorbic acid was present in oxidized form, the other 
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half in reduced form. To a control sample we added the same amount of 
reduced ascorbic acid without oxidized products. When tested in our 
system, the same acceleration of the disappearance of ascorbic acid by 
cytochrome c and oxidized adrenalin was observed in both samples. The 
presence of oxidized ascorbic acid has no inhibitory effect on this reaction. 

DISCUSSION 

The results of our experiments demonstrate that the addition of a cyto- 
chrome c preparation to a solution which contains oxidized adrenalin 
and ascorbic acid causes a considerable increase of the oxygen uptake and 
of the rate of disappearance of ascorbic acid. In discussing the nature of 
this effect the question arises as to the punty of our cytochrome c prepara- 
tion. In consideration of the starting material from which the cytochrome 
c is obtained (hog hearts) it could be objected that the increased oxidation 
of ascorbic acid was caused by an incomplete el imina tion of cytochrome 
o.xidase or by the presence of metal ions, especially of copper. In respect 
to the first possibility we should like to pioint out that the preparation of 
cytochrome c involves a precipitation by trichloroacetic acid and by ace- 
tone, which makes it very unlikely that any activity of the unstable 
cytochrome oxidase ha-«i remained. Moreover, no increase in the rate of 
ondation of ascorbic acid could be discovered when a solution of cyto- 
chrome c was added to ascorbic acid in the absence of oxidized adrenalin. 
This latter result demonstrates more directly the absence of cytochronie 
oxidase in our preparations and differentiates the effect from the catalytic 
ascorbic acid autoxidation by various hematoporphyrins (4). It shows in 
addition that our cytochrome c preparation carmot contain active metal 
ions. We arrived at the same conclusion from results of experiments in 
which the cytochrome c was replaced by metal ions. Copper (as cupric 
sulfate) actually caused an increase in the rate of autoxidation of ascorWc 
acid. However, the increase was the same in the presence and in t e 
absence of oxidized adrenalin. Ferric ions added in the same quantity 
as cupric ions did not cause a significant increase of the autoxidation, 
either in the presence or in the absence of oxidized adr en a li n. Equally 
ineffective was a hemolysate which cont ains iron both bound to the por- 
phyrin ring of hemoglobin and also as the usual ionic contamination. 

Although the argument above makes it seem unlikely that the^ effect of 
our cytochrome c preparation is due to the presence of free metal ions or of 
cytochrome oxidase, our results with inhibitors would seem to indicate 
that a metal in some form is involved, since cyamde and cysteine, which 
are typical metal binders, act as strong inhibitors. Recent spectroscopic 
investigations suggest that cyanide can combine with cytochrome c, and 
therefore a participation of the porphyrin iron in cytochrome c has to be 
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considered (5) . A possible r61e of HiOj which has been found to be formed 
in metal-catalyzed autoxidations of ascorbic acid cannot be excluded at 
the present time (6). 

^is an explanation of the accelerated oxidation of ascorbic acid one 
might be inclined to assume that the c 3 dochrome c in our preparation is 
rapidly oxidized by one of the oxidative derivatives of adrenalin and is 
reduced by ascorbic acid. However, adrenochrome and other related 
compounds have a lower oxidation-reduction potential than cytochrome c 
itself, and these compounds could hardly act as efficient oxidizing agents 
for cytochrome c. Moreover, with cytochrome c as mediator it should 
be possible to replace ascorbic acid by any other substance which would 
reduce cytochrome c. Our results, however, indicate that hydroquinone, 
catechol, or adrenalin itself, very effective reducing agents for cytochrome 
c in the conventional cytoclirome o.xidase system, cannot act as substitutes 
for ascorbic acid in our experiments. This specificity of the reducing 
agent is striking, and it could mean that the reaction depends on the com- 
bination of oxidized adrenalin and ascorbic acid with a direct electron 
exchange between these compounds, the catalyst acting as an adsorbing 
sui'face which w'ould bring the two substances into closer pro-\imity and 
enliance thereby the probability of their interaction. Whatever the 
rdle of the catalyst may be, oxidized adrenalin seems to have a higher 
affinity than ascorbic acid, since the saturation concentration for the former 
is considerably lower than for the latter. 

A connection between this effect and the physiological function of either 
adrenalin or ascorbic acid cannot be seen at the present time. In particular 
it should be pointed out that the compounds 'with adrenergic actmty 
(ephedrine, isoquinoline) are mthout effect on the acceleration. On the 
other hand it should be kept in mind that similar mechanisms could play 
a r61e in the case of other physiological quinones, such as vitamin K. 

SUMMABY 

1. The rate of ascorbic acid oxidation in the presence of o.xidized adren- 
alin is markedly enhanced by addition of cytochrome c. 

2. The effect is specific in that cytochrome c cannot be replaced by copper 
or iron ions or by hemoglobin. 0.xidized adrenalin cannot be replaced by 
oxidized hydroquinone or catechol and ascorbic acid cannot be replaced 
by such reducing agents as hydroquinone, catechol, cysteine, or glucose, 
while isoascorbic acid is equally effective. 

3. The reaction is inhibited by cyanide and cysteine. Ephedrine, 
isoquinoline derivatives, and ojddized ascorbic acid have no inhibitory 
effect. 
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LETTERS TO THE EDITORS 


THE LIPOTROPIC ACTION OF IVIANGANESE* 

Sirs: 

In the course of studies to determine the effect of manganese and choline 
on bone formation in the rat, we found that manganese as well as choline 
prevents the deposition of excess fat in the liver. At a given level of cho- 
line, more fat was observed to be present in the livers of manganese-de- 
ficient rats than in the livers of rats receiving adequate manganese. The 
lipotropic action of manganese was much greater when the choline content 
of the diet was low, thus indicating an interaction between manganese and 
choline. 

The basal diet used in the studies was similar to the low manganese diet 
described by Amdur, Norris, and Heuser.* The choline content was re- 
duced by omitting the supplement of 0.2 mg. of choline per gm. of diet and 
reducing the whole milk powder content from 20 to 10 per cent. The carbo- 
hydrate, protein, and fat were increased to compensate for the lower level 
resulting from the reduced whole milk powder content. This gave a low 
choline, low manganese diet containing 0.1 mg. of choline and 0.3 y of 
manganese per gm. Choline was added to produce a medium choline 
(0.4mg. per gm.), low manganese diet and a high choline (0.8 mg. per gm.), 
low manganese diet. A high manganese diet on each choline level was 
obtained by supplementing the corresponding low manganese diet iivith 
0.25 per cent manganous chloride. 

The fresh livers from each group were used as a composite sample. 
They were finely divided in a Waring blendor, ground with anhydrous 
sodium sulfate, and extracted for 48 hours with chloroform. The fat was 
expressed as the percentage in fresh liver. 

The data from five experiments are summarized in the accompanying 
graph. An analysis of variance'showed that the reduction of liver fat by 
manganese was highly significant. As expected, choline likewise markedly 

• The authors wish to express their appreciation for the grant of the Snyder Fund 
and of a portion of the Sage Fund by the Graduate School of Cornell University in 
partial support of the research work presented in this report. They are also indebted 
to the Poultry Department of Cornell University for the use of their facilities in 
carrying out this investigation. 

* Amdur, M. O., Norris, L. C., and Hcuser, G. F., Proc, See. Exp. Biol, and Affd., 
69, 2M (1945). 
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MILLIGRAMS OF CHOLINE PER GRAM OF DIET 

Fio. 1. Tho action of manganese and choline on liver fat. In all, 186 rats were used 
in these studies. Since there wore three levels of choline and two levels of man- 
ganese used, each point on tho graph represents a total of thirty-one animals. The 
pooled samples of four experiments contained the livers of six rats and that of the 
fifth experiment tho livers of seven rata. 

reduced liver fat. The manganese by choline interaction was found to be 
highly significant. 

As further evidence that manganese has a lipotropic action, it was foimd 
that the presence of manganese in the diet caused a highly significant 
reduction in the percentage of fat occurring in the fresh bone. Choline 
also significantly reduced bone fat. 

Agricultural Experiment Station and Maby O. Airooa 

School of Nutrition L. C. Nobris 

Cornell University G. F. Heuseb 

Ithaca 

Received for publication, June 17, 1946 




THE PARTIAL SYNTHESIS OF URINARY A'-ANDROSTENE-303),- 

16,17-TRIOL 

Sirs: 

Recently Hirschmann* isolated from the urine of a patient with adreno- 
cortical carcinoma a new triol of the androgen series. He brilliantly 
characterized this substance as a A’-androstene-3(d) > 16 , 17-triol. Alarrian- 
subsequently reported that this triol is a constituent of normal human 
mine (both male and female). Marrian* had had this steroid in hand at a 
much earlier date but had been unable to establish an empirical formula 
for it. 

In 1944 one of us/ using classical methods of organic chemistry, trans- 
formed estrone into the naturally occurring estriol (theelol). This trans- 
formation has been subjected to further study, and theelol may now be 
obtained from estrone in about 25 per cent over-all yield. 

On turning to the androgen series and employing the set of reactions 
used to prepare theelol, it has been found that Hirschmann’s triol, in 
satisfying yield, results as an end-product when dehydroisoandrosterone 
is substituted for estrone. This synthesis confirms for the triol the struc- 
ture advanced by Hirschroann; the method of synthesis also leaves little 
doubt that the stereoisomeric configurations of the carbinols at Cis and 
Cij are identical in theelol and ininary androstenetriol. In fact, we are 
ready to state that the Cis-OH and the Cir-OH in theelol (and Hirschmann’s 
triol) are in the trans geometric relationship, although this finding is con- 
trary to the conclusion of Adam el al} based upon surface film measure- 
ments. Theelol-3-methyl ether does not form a cyclic ketal with acetone 
and anhydrous hydrogen chloride, although such a derivative*-’' is easily 
prepared from a steroid in which the Cis-OH and the CiJ-OH are in cis 
relationship. 

The chemical reactions employed to transform dehydroisoandrosterone 
into minary androstenetriol are in general the same as those described* 
in the preparation of isoestrioI-A; namely, nitrosat^n of 17-ketosteroid 
to the 16-oximino derivative, Stodola reduction of the 16-osimino com- 

‘ Hirschmann, H., J. Biol. Chem., 160, 363 (1913). 

’ Marrian, G. F., Nature, 154, 19 (1914). 

'Slarrian, G. F., and Butler, G. C., Biochem. /., 38, 322 (1941). 

‘ Huffman, M. N., and Miller, W. R., Scicnu, 100, 312 (1944). 

* Adam, Jf. K., Danielli, J. F., Haslewood, G. .A. D., and Marrian, G. F., Biochem. 
J., 28, 1233 (1932). 

* Butenandt, A., Schnudt-Thomd, J., and Weiss, T., Ber. chem. Ges., 72, 417 (1939) . 

’ The present authors have had in hand a stereoisomeric estriol which very rapidly 

forms an acctonidc under these conditions. 

* Huffman, M. N., and Darby, H. H., J. Am. Chem. Soe., 68. 150 (1944). 
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pound to a mixture of isomeric a-ketols, and further reduction of the ap- 
propriate a-ketol to the 16,17-glycol. In this synthesis we obtained first 
the triacetate of androstcnetriol (m.p, 184-186° uncorrected) and then 
saponified to the free triol (m.p. 257.5-260.5° uncorrected). Mixed melt- 
ing point tests, kindly performed by Dr. Hirschraann, showed no depres- 
sion of either synthetic compound when mi.xed with its counterpart of 
natural origin. Microanalysis® of synthetic A®-androstene-3(i3), 16,17- 
triol gave C 72.37, H 9.97 (calculated for CwHmOj • -J-HjO, C 72.34, H 9.91). 
Combustion of the synthetic triacetate showed C 69.41, H 8.46 (calculated, 
C 69.42, H 8.39). 

Southwestern Medical Foundation Max N. Huffman 

Dallas Maby Habriet Lott 

Received for publication, June 25, lO-lG 

* Performed by Dr. E. W. D. Huffman, Denver. 




ineffective utilization of conjugated PTEROYL- 

GLUTAMIC (FOLIC) ACID IN PERNICIOUS ANEJILA* 

Sirs: 

The effectiveness of folic acid in pernicious anemia and the ability of 
normal subjects to subast on ordinary sources of supply of folic acid suggest 
that in pemidous anemia some of the naturally occurring derivatives of the 
vitamin are not fully utilized. 

Free vitamin was not released from the conjugated folic add of yeast 
(pteroylheptaglutanuo add; kindly supplied by Dr. J. J. Pfiffner of Parke, 
Davis and Company) by incubation with normal human gastric juice at 
pH 7.0 or 4.5, and no reticulocyte response occurred in a patient with 
pernicious anemia in relapse who was given the heptaglutamate (1 mg.) 
orally each day for 10 days without, and for 11 days with, normal human 
gastric juice (100 cc. daily). However, daily administration of an equiv- 
alent amount (0.35 mg. orally) of pteroylglutamic acid caused a definite 
reticulocytosis (4.2 per cent). 

In a similar patient a small reticulocyte response (3 per cent) followed 
the daily intramuscular injection for 10 ^ys of 0.85 mg. of pteroylglutamic 
add (average minary elimination, 15 per cent), but no response was caused 
by daily injections of 2.5 mg. of the heptaglutamate for 12 days (average 
urinary elimination, only 1 per cent as free, none as the conjugate). One 
large intramuscular injection (30 mg.) of the conjugate caused no hemato- 
logical response or urinary excretion during 12 days, while one injection of 
an equivalent amount of folic add (11 mg.) caused prompt reticulocytosis 
(6.1 per cent) (average urinary elimination, 37 per cent). 

A normal subject (average urinary elimination, 2.5 7 of L. casei factor 
*buly) ^ven two daily intramuscular doses ( 2.8 mg.) of conjugate excreted 
8.3 per cent as free L. casei factor (and none as the conjugate) in the urine, 
while of an equivalent amount of pteroylglutamic acid similarly injected, 
16 per cent appeared in the urine. 

Thus, in a normal individual, folic acid was released from pteroylhepta- 
glutamate, while in patients with pernicious anemia the compound served 
inadequately as a source of folic add and exerted no hematopoietic activity 
as such. 

• Discussed at the Symposium on. Folic Acid, Xew York .-tcademy of Sciences, 
May 29, 1946. This work was supported in part by a grant from the I.ederle Labora- 
tories, Inc., Pearl River, Xew York, who auppUed the synthetic folic acid and the 
liver extracts. 
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Addition of purified liver extract* (0.007 cc.) to various dilutions of sternal 
bone marrow extracts from human patients with and without pernicious 
anemia has augmented frequently (50 to 150 per cent) the formation of 
L. casei factor from added heptaglutamate, in vitro at pH 4.5, but not at 
pH 7.0. These preliminary finding suggest that a constituent of Uver ex- 
tract may be a component of one of the conjugase systems or may coun- 
teract the effect of substances which inhibit the activity of the conjugase 
studied. Possibly this irregularly produced effect is attributable to 
the antipernicious anemia factor, but other functions of the factor are not 
excluded. 

Such interpretations are consistent with the observation that the conju- 
gate is ineffectively utilized in pernicious anemia and that injections of 
purified liver extract* have doubled the urinary excretion of L. casei factor 
by two patients with pernicious anemia. The data presented herein ac- 
count, at least in part, for the failure of pernicious anemia individuals to 
derive adequate amounts of folic acid from the diet. 


Deparlmcnls of Pharmacology and Medicine 
lFcs<ern Reserve University 
School of Medicine 
Cleveland 


A. D, Welch 
Robert W. Heisle 
Evelyn M. Nelson 
H. Victor Nelson 


Received for publication, June 17, 1946 


* 15 unit liver extract; 1 cc. contains from 0.1 to 1 7 of free L. casei factor and ap- 
pears to be free of the conjugated vitamin. 



THE REPIACEMENT OF p-AailNOBENZOI G A CID IN THE 
GROWTH OF A MUTANT STRAIN OF ESCHERICHLA COLI 

Strs; 

By x-irradiation of Escherichia coli vre have obtained a mutant strain 
(No. 273-384) requiring p-aminobenaoic acid (PABA) for growth. The 
techniques for the production and isolation of mutant strains and the syn- 
thetic basal medium employed have been previously described.^ 

The response of the mutant to PABA is increased by an amino acid mix- 
ture (as used by Hac el air), of which methionine is the most important 
component. The addition of purines delays growth in the absence of the 

Response of Mutant Strain 273-384 to Pteroylglutamic Aad and to Thymine 
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amino acids but produces large turbidity increases in their presence.’ The 
PABA reqmrement for half mn ximn.1 growth at 16 hours falls from 0 0012 y 
per ml. on the basal medium to O.OOOll y per ml. in the presence of both 
supplements. 

Pteroylglutamic acid, wWch contsuns the P.AB-A nucleus,* has less than 
0.001 per cent of the activity of PAB.A. for this organism (see the table). 

* Iloepke, R. R , Libby, R. L , and S mal l, M. H., J Boot , 48, 401 (1044) 

> Hac, L R , Snell, E. E , and Williama, R. J , Biol Chem . 159, 273 (1043). 

> Kohn, H I , .Inn. New Yorl Acad. Sc , 44. 503 (1043) 

‘ Angler, R B , Boothe, J. H . Hntchmgs, B. L , Mowat, J H . Semb, J , Stokstad. 
E. L. R , SubbaRow. Y.. Waller, C. W . Cosulich, D. B , Fahrenbach, .M. J . Hult- 
quiat, M. E , Kuh, E , Northey, E. H , Seeger, D. R.. Sickels, J. P , and Smith. J. M , 
Jr., Science, 103, 667 (1046). 
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This sample contained 0.2 per cent of free arylamine (as p-aminobenzoyl- 
glutamic acid); thus there is no proof that pteroylglutamic acid has any 
inherent growth activity for this strain. 

Thymine is practically inactive alone or in the presence of purines, but 
in combination with the amino acids it can support h'ght growth which can 
be subcultured. PiVBA can be effectively replaced by a combination of all 
three of these materials. The organism has been carried through ten 
transfers on tliis combination with 30 y of thymine per ml. With this 
supplementation both the mutant and the parent E. coU have proved highly 
resistant to sulfonamides. Good growth was observed after 24 hours in the 
presence of 1280 y per ml. of sulfadiazine. 

The data indicate that at least with E. coli PABA functions in the syn- 
thesis of thymine, the purines, and one or more of the amino acids. 

Chemotherapy Division J. 0. L.uipeh 

Stamford Research Laboratories R. R. Roepke 

American Cj/onamid Company M. J- Joses 

Stamford, Connecticut 

Received for publication, Juno 28, 1346 



PAKTIAL SYNTHESIS OF COMPOUNDS RELATED TO ADRENAL 
CORTICAL HORMONES 

VIII. PREPARATION OF AN Il-KETO BILE ACID* 


Sirs: 


In Paper VI of the present series' it was shown by exclusion of other pos- 
sibiUties that the “3,ll-dihydroxy-12-ketocholamc acid” of Alarker and 
Lawson' is actually 3(a),12-dihydroxY-ll-ketocholanic acid with a strong 
probability that the hydroxyl group at C12 is in ^ configuration. We re- 
cently have been able to obtain additional evidence for the correctness of 
this conclusion. In addition the experiments reported here provide a new 
method for the preparation of an 11-keto steroid. Methyl 3^)-me y - 
succinoxy-ll-keto-1203)-hydroxycholanate' (m.p. 90-91°;' [alo = 
(CHClj); C:oH«Og. calculated, C 67.38, H 8.67; found, C 67.^, H 8.M) 
upon treatment with PBrj in chloroform solution was converted to metoyl 

3(o:)-inethylsuccmo:^-ll-keto-12-broniocholanate, m.p. 80-81 ; [alo — 

(CHCls); Cji^HisOjBr, calculated, C 60.29, H 7.59, Br 13.p; foimd, C 59.61, 
H 7.69, Br 13.72. Reduction of the bromoketo ester with either 
acetic acid or "with, chiomous chloride in acetone® yMded methy 
methylsucciao>y-ll-ketocholanate, m.p. 113-114 ; [o]d i*63 (C 
Hydrolyas yielded 3(a)-hydroxy-ll-ketocholanic acid, m.p. 218-^1, 
UId = +67° (absolute ethanol), identical with the compound prepared by 

independent methods. . • • i 

These results establish the position of the ketone group m the original 
compound at Cu- Since the ll-keto-12-hydroxy acid can be readily pre- 
pared in good yield, the method is directly applicable for the formaUon of 
11-keto steroids in a variety of compounds. We are at present engaged m 
further work upon this problem. 


Department of Biochcmietry 
Unicersily of Chicago 
Chicago 


EvELTX BORCSTBOlt 

T. F. Gaixagheb 
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• The work reported here was supported in part by a grant from Memorial Hospital 
for which we wish to express our thanks. 

‘ Gallagher, T. F., J. Biol. Chem., 162. 539 (1916). 

• Marker, R. E., and Lawson, E. J., J. Am. Chcm. Soc., 60, 1331 (1933). 

• Wintersteiner, 0., and Moore, il., J . Biol. Chem., 163, 725 (1916). 

‘ All melting points are corrected. , tr cr 

• Julian, P. L., Cole, W., Magnani, A., and Meyer, E. W., /. Am. Chcm. isoc., 67, 

1723 (1915). 
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effect, Beerstccher and Shive, oS 
Phosphatase; Alkaline, blood serum, de- 
termination. Besseg, Lotvry, a^ 
Brock, 

PhosphoUpide(s); Tissue, diet relati^^ 

Fishman and Arlom, ‘ 

Phosphoric ester(s); hardy and Fisc^^r^ 

Phosphorus; Brain, cyanide effect, Al- 
baum, Tepperman, and Bodansk-^ 

I Compounds, tissue, Schneider, i47 
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I enzyme hydrolyzing, Mazur, 
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Prollne: Tr-Mcthyl-, Dakin, 016 
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taric acid production by, Lockwood 
and Stodola, 81 
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-Related compounds, sulfonamides, ef- 
fect, Lampen and Jones, 485 

Sulfonamides and, effect, Lampen and 
Jones, 485 
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119 I 
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team, Sprinson and Chargaff, 411 | 
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photometric, Kunitz, ^3 

Succinoxidaae system, effect, Schnei- 
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Scurvy: 3-Methylascorbic acid, effect, 
Veslling and Rebstock, 631 
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Greene, and Barlner, 159 

Soy bean: See Bean 
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Sterold(s): Absorption spectra, Furch- 
gott, Rosenkrantz, and Shorr, 621 
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fect, Schneider, 241 

Sugar cane: Juice, antistiffness factor, 
isolation, ran Wagtendonk and Wul- 
zen, 597 

Sulfhydryl group (s); Eniyme inactiva- 
tion by oxygen, relation, Haugaard, 

265 

Sulfide: Sulfur, cystine sulfur conver- 
sion, radioactive sulfur use, Dziewi- 
alkowski, . 165 

Sulfonamide (s): Pteroylglutamic acid 
and related compounds, effect, Lam- 
pen and Jones, 485 

Sulfur; Cystine, sulfide sulfur conver- 
sion, radioactive sulfur use, Dziewi- 
alkowski, 165 

Sulfide, cystine sulfur conversion, ra- 
dioactive sulfur use, Dziewiatkowski, 

165 

T 

Taha-dlastase: Dextrins and, Wein- 
mann, 7 

Tallow: Linoleic and linolenic acids, 
identification, Knight, Jordan, and 
Swem, 477 
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521 
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purification, Abrams, Kegeles, and 
Holtle, 63 

Tryptophane: Krehl, de la Hucrga, and 
Ekehjem, 551 

Free, blood, Schmeigert, Sauierlich, 
Ekehjem, and Baumann, 213 

— , urine, Schmeigert, Sauberlich, Bl- 
tehjem, and Baumann, 213 


Tryptophane — continued; 

Utilization, niacin effect, Krehl, de la 
Huerga, and Ekehjem, 551 

U 

Urine: a-Amino nitrogen excretion, 
amino acid administration, effect, 
Silber, Seelcr, and Home, 639 

A‘-Androstene-3(d),16,17-trioI, syn- 
thesis, partial, Huffman and Lott, 

7S5 

Tryptophane, ires, Schmcigert, Sauber- 
lich, Ekehjem, and Baumann, 213 

V 

Vitamin (s) : B complex. See also iacin 

Yeast: p-Amiimbenzoic acid peptide iso- 
lation, Rainer, Blanchard, and Green, 

691 



